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ABSTRACT 

Using integrated optical spectrophotometry for 412 star-forming galaxies at z ~ 0, and fiber-aperture 
spectrophotometry for 120,846 SDSS galaxies at z ~ 0.1, we investigate the Ha A6563, H/3 A4861, 
[O ii] A3727, and [O ill] A5007 nebular emission lines and the J7-band luminosity as quantitative star- 
formation rate (SFR) indicators. We demonstrate that the extinction-corrected Ha A6563 luminosity 
is a reliable SFR tracer even in highly obscured star-forming galaxies. We find that variations in dust 
reddening dominate the systematic uncertainty in SFRs derived from the observed H/?, [O ii] , and U - 
band luminosities, producing a factor of ~ 1.7, 2.5, and 2.1 scatter in the mean transformations, 
respectively. We show that [O ii] depends weakly on variations in oxygen abundance over a wide range 
in metallicity, 12-1- log (0/H) = 8.15-8.7 dex (Z/Z© = 0.28-1.0), and that in this metallicity interval 
galaxies occupy a narrow range in ionization parameter (—3.8 < log U < —2.9 dex). We show that the 
scatter in [O ill] A5007 as a SFR indicator is a factor of 3 — 4 due to its sensitivity to metal abundance 
and ionization. We develop empirical SFR calibrations for H/3 and [O ii] parameterized in terms of the 
B-band luminosity, which remove the systematic effects of reddening and metallicity, and reduce the 
SFR scatter to ±40% and ±90%, respectively, although individual galaxies may deviate substantially 
from the median relations. Finally, we compare the z relations between blue luminosity and 
reddening, ionization, and [O ii]/Ha ratio against measurements at z ~ 1 and find broad agreement. 
We emphasize, however, that optical emission-line measurements including Ha for larger samples of 
intermediate- and high-redshift galaxies are needed to test the applicability of our locally derived SFR 
calibrations to distant galaxies. 

Subject headings: galaxies: abundances — galaxies: evolution — galaxies: formation — galaxies: ISM 



1. INTRODUCTION 

Over the past twenty years many techniques have 
been devised to estimate the global star-formation rates 
(SFRs) of galaxies. The first quantitative analysis 
of SFRs using the Ha A6563 nebu l ar rec ombination 
line was undertaken by iKennicutH l)1983t) . Today, 
with the advent of large, multi-wavelength surveys of 
galaxies, virtually every part of the electromagnetic 
spectrum h as been explore d as a means of derivin; 



spectrum n as been explore d as a means oi deriving 
SFRs /e.g.. IKennicutH [19831 IRuat et 31.11798^ ICondonl 



Il992t IPavid et al.lll992 ). Two indicators directly asso 



dated with massive star formation are the ultraviolet 
(UV; AA1200 - 2500 A) and nebular recombination 
line luminosities. These techniques were particularly 
important in establishing the order-of-magnitude rise in 



z = 1 and beyond iLillv et al.lll99fil: 


Madau et al.lll996l 


iCowie et all 119971 iGlazebrook et alJ 


19991 iSteidel et all 


119991 iHopkins' "2004). Despite considerable progress 



in measuring SFRs of distant galaxies, however, their 
accuracy remains l imited by a wide range of system- 
atic u ncertainties llCram et alJ 119981: IGlazebrook et al.l 
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Hirashita et all 1200 3: Beh 2003). Well-calibrated SFR 
diagnostics with well-understood systematic uncertain- 
ties are needed to improve constraints on the evolution 

^ Steward Observatory, University of Arizona, 933 N Cherry 
Ave., Tucson, AZ 85721, USA 

^ Institute of Astronomy, University of Cambridge, Madingley 
Road, Cambridge CB3 OHA, United Kingdom 



of the cosmic SFR, and to investigate the physical 
processes responsible for this evolution. In this paper 
we carry out a detailed empirical analysis of rest-frame 
optical SFR indicators. 

One of the most well-understood SFR indicators 
is Ha A6563. The Ha luminosity is directly propor- 
tional to the hydrogen-ionizing radiation from massive 
(> 10 A4q) stars, and therefore provides a near- 
instantaneous (< 10 Myr) measure of the SFR with 
minimal de pendence on the physical conditions of the 
ionized gas ijKennicu tt 1998). Unfortunately, Ha is only 
observable from the ground at z < 0.4 in the optical, and 
0.7 ^ z < 2.5 through the near-infrared atmospheric 
windows (Fig.^. Given the observational difficulties of 
observing Ha at high redshift, therefore, the [O ii] A3727 
nebular emission line has been suggested as an alter- 
native S FR indicator ( Gal laghe r et al. 19 89; KcnnicT^ 
1992H iGuzman et alJ | 1 99' rt Barbar2_^_^2ggi^n^ 
1997t iJansen et al.l l200lt [Aragon-Salamanca et al 
200a iRosa-Gonzalez et al.l 120021 iHopkins et alJ l2003t 
Kewlev^riLLn20oSlMoutK!i^ Its intrinsic 

strength and blue rest-frame wavelength allow it to 
be measured even in low signal-to-noise (S/N) spec- 
tra at z < 1.5 in the optical, and at 2 < z < 5.2 
in the near-infrared (Fig. However, the [O ii] 

luminosity depends explicitly on the chemical abun- 
dance and excitation state of the ionized gas, and 
suffers a larger amount of dust extinction than Ha. 
Therefore, unlike the Balmer recombination lines, 
[O ii] is not directly proportional to the SFR an d 
must be calibrated either er npiric all y iK ennicu 



feosa-Gonzalc z et al.l 120021 iKewle v et ^ 1 
or theoretically l)Barbaro fc Poggiantil 1199^ 
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ICharlot fc Longhettill200l . 

iClallagher et alJ 1)19891) presented the first quantita- 
tive analysis of [O ll] as a SFR indicator using [O ii] 
and H/3 measurements of a sample of 75 blue-irregular 
galaxies. iKennicutil l)19921]D improved upon this study 
by obtaining integrated optical (3650 — 7150 A) spec- 
tra of 55 galaxies spanning the Hubble sequence, in- 
cluding a handful of peculiar objects, and derived the 
first empirical calibration of [O ii] relative to Ha. 
Previously, the equivalent width of [O ii] was used 
only indirectly to infer ongoing star formation (e.g., 
I Broadhurst et al.ll988HColless et al.ll99(]HDressleJl984l: 
iCouch fc S harpie^ I1987D. Siibseaiientlv. iJansen et aLl 
l)2001|) and Kcwlcv et all ||2004D used the Nearby Field 
Galaxy Survey fNFGS: I.Tansen et a,1Jl2nnnalil^. an imag- 
ing and spectrophotometric survey of a representative 
sample of 200 nearby galaxies, to quantify how vari- 
ations in reddening and chemical abundance affect the 
observed [O ii] l uminosity, and to improve the [O ii] 
SFR calibration. I.Tansen et al.l (2001) showed that the 
observed [O ii]/Ha ratio varies by a factor of ~ 7 near 
M^, predominantly due to variations in dust redden- 
ing, and that the [O Il]/Ha ratio i s inversely propor- 
tional to galaxy luminosi ty (see also lCarter et al.ll200H 
lAraeon-Salamanca et al . 2002). Compari ng the NFGS 
observ ations to photoionization models, iKewlev et al.l 
^^2004^ concluded that the [O ii]/Ha ratio is also strongly 
dependent on the heavy element abundance and varies 
weakly with the strength of the ionizing radiation field. 

However, all these studies have been based on relatively 
small samples of optically selected normal galaxies ex- 
hibiting modest current-to-past-averaged star-formation 
rates, normal morphologies, and typical or lower-than- 
average infrared luminositi es. From models of hierarch i- 
cal galaxy formation fe.g.. ISomerville fc Priniac 
we anticipate a higher incidence of extreme or bursty star 
formation at high redshift due to a greater frequency of 
merg ers /interactions and larger reservoirs of neutral gas 
fe.g.. iHammer et al.ll2005|) . Therefore, SFR calibrations 
based on local samples of normal galaxies may not apply 
at high redshift. 

Large spectrophotometric surveys of the nearby uni- 
verse such as th e Sloan Digital Sky Survey (SDSS; 
lYork et all I2000D provide the opportunity to study 
the emission-line properties of galaxies with unprcce- 
dented statistical prec ision (e.g.,'Brinchniann ct al. 2004 
iTremonti et al J 12004ft . Hopkins ct al. (2003) present a 
thorough analysis of multi-wavelength SFR diagnostics 
in the SDSS. However, the fraction of light subtended by 
the 3" fiber-optic aperture utilized by the SDSS depends 
on the distance and intrinsic properties (size, bulge-to- 
disk ratio, surface-brightness distribution, etc.) of each 
individual galaxy. For example, in th e star -forming 
galaxy sample studied bv ITremonti et al. (20Q^ the me- 
dian light fraction is only ~ 25%. Furthermore, the 
SDSS's strict magnitude-limited selection (r < 17.7 mag) 
targets primarily the most luminous present-day galax- 
ies, which are unlikely to be representative of high- 
redshift star-forming galaxies. Therefore, empirical SFR 
calibrations based on SDSS observations should not be 
applied blindly to distant samples. 

As part of a larger effort to characterize the physi- 
cal properties of star-forming galaxies, we have obtained 



high S/N optical spectrophotometry (3600 — 6900 A at 
~ 8 A FWHM r esolution) for a diverse sample of 417 
nearby galaxies f Moustakas fc Kennicutli l2005al here- 
after MK05). This survey targets objects that repre- 
sent a small fraction of the galaxy population today, 
but which may be more typical of high-redshift sam- 
ples, including starbursts, interacting/merging systems, 
and dusty, infrared- luminous galaxies; the sample also 
includes a large number of normal star-forming galax- 
ies. We uti lize the lon g-slit drift-scanning technique de- 
veloped by IKennicufr3 fl992a,) to obtain spatially inte- 
grated spectra at intermediate spectral resolution, which 
makes our observations well-matched to traditional long- 
slit spectroscopy of distant galaxies. We supplement our 
new observations with the NFGS to increase the number 
of normal galaxies, and to identify any selection biases in 
our diverse sample of galaxies. In addition, we compare 
our analysis of optical SFR diagnostics against a sample 
of ^ 120, 000 star-forming galaxies from the SDSS in or- 
der to assess the effects of statistical incompleteness and 
aperture bias in our integrated galaxy sample and in the 
SDSS, respectively. 

We use these data to study the [O ii] A3727, H/5 A4861, 
and [O III] A5007 nebular emission lines as quantitative 
SFR diagnostics by comparing them against SFRs de- 
rived from the extinction-corrected Ha luminosity. We 
also investigate the [/-band luminosity as a SFR indica- 
tor in an effort to determine whether far-optical broad- 
band photometry offers comparable precision to empir- 
ically calibrated emission-line diagnostics for deriving 
SFRs of distant galaxies. In f^we present our integrated 
and SDSS samples. In ^ we explore empirical correla- 
tions between optical SFR diagnostics and global prop- 
erties such as luminosity, dust extinction, and chemical 
abundance in order to understand the dominant sources 
of uncertainty that limit the application of these diag- 
nostics. In we derive new empirical SFR calibra- 
tions. Finally, ^ we discuss the applicability of our 
new calibrations to intermediate-redshift galaxy sam- 
ples, and present our conclusions in [JHI To compute 
distances and absolute magnitudes (always on the Vega 
system) we adopt On + = li = 0.3, and Ho = 
70 km s-i Mpc-i l|SDergel et al.ll2003l: iFreedman et all 
I2001D . Following convention, we give both emission- 
and absorption-line equivalent widths as positive num- 
bers in the rest frame-of-reference. Finally, we adopt 
12 -t- l og(0/H)(7i = 8.7 dex as the solar oxygen abun- 
dance l|Allende Prieto et alJl200lt lHolwegeill20fllD . 

2. THE DATA 

2.1. The Integrated Galaxy Sample 

Our integrated galaxy sample consists of our own 
spectroscopic observa tions (MK05) and the NFGS 
ij.Iansen et al.ll2000albD . We briefly summarize the rel- 
evant details of each survey, and refer the reader to the 
original papers for more information regarding the sam- 
ple selection and data reductions. The MK05 survey pro- 
vides high S/N optical (3600 — 6900 A) spectrophotom- 
etry at ~ 8 A FWHM resolution for 417 nearby galax- 
ies. Based on a variety of internal and external com- 
parisons MK05 find that the relative spectrophotometric 
precision of the data is ~ 4%. The survey roughly di- 
vides into four major subsamples: (1) ~ 125 galaxies 
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selected f rom the First Byurakan Survey of UV-excess 
galaxies ijMarkarian et a l. 1989); (2) ~ 100 infrared- 
luminous galaxies select ed from the IRAS Warm and 
Bright Gal axy Surveys l|Kim et alJ 119951 iVeilleux et al.1 
Il995i '1999); (3) ~ 35 morphologically selected inter- 
acting/merging systems drawn from the Ph. D. thesis 
sample of Turn er {19f3); ^^'^ (4) ~ 130 normal galax- 
ies selected from a volume-limited Ha- and UV-imaging 
survey of the 11 Mpc local volume (R. C. Kennicutt 
et a l., 2006, in prepa ration), and the Ursa Major clus- 
ter l|Tullv et alJll996D . These samples are intentionally 
chosen to span the diverse range of galaxies in the lo- 
cal universe with active star formation, both to improve 
our understanding of galactic star formation and to serve 
as a more comprehensive reference sample for lookback 
studies. To provide a more representative, complemen- 
tary sample of nearby galaxies we turn to the NFGS. 
The NFGS is a photometric and spectroscopic survey 
of 196 galaxies s elected to reproduce the B-band lumi- 
nosity function l),Tansen et al.ll2000ar . The wavelength 
coverage (3600 - 7100 A), spectral resolution (~ 6 A 
FWHM), relative spectrophotometric precision (~ 6%), 
and S/N of the NFGS are well-matched to our own ob- 
servations. Excluding several broad-line AGN and one 
BL Lac, the combined integrated galaxy sample consists 
of spectrophotometry for 589 galaxies. 

To measure fluxes and equivalent widths of the nebu- 
lar emission lines we utilize ispecId, a spectral synthesis 
fitting code described in detail in MK05. Using ispecId 
wc find the non-ncgativc li near comb ination of popula- 
tion synthesis models (Bru zual fc Chario t 2003) that op- 
timally reproduces the observed stellar continuum. Sub- 
tracting the model continuum from the data results in a 
pure nebular emission-line spectrum self-consistently cor- 
rected for underlying stellar absorption. We measure the 
emission-line fluxes and equivalent widths of the strong 
nebular lines, tabulated in MK05, using simultaneous, 
multi-Gaussian profile fitting with physically motivated 
constraints on the intrinsic velocity widths and redshifts 
of the Balmer and forbidden lines. For consistency we 
re-measure the emission-line fluxes in the NFGS spectra 
using ispec Id. We find our meas urements broadly con- 
sistent with iJansen et al.l l)2000bt) , except at low equiv- 
alent widths where we argue that our technique is more 
reliable. 

To define a sample of star-forming galaxies and to en- 
sure that we can measure reliably the nebular reddening 
(IJOJ, we impose a 3(t S/N cut on the Ha and H/3 emis- 
sion lines, which removes 28 objects from the integrated 
sample. We verify that most of these objects are early- 
type (E/SO) galaxies with effectively zero star formation. 
However, three galaxies (NGC 1266, UGC 05101, and 
CGCG 049-057) fail our S/N criterion on H/3 because 
they are dusty, infrared-luminous galaxies. All three ob- 
jects have well-detected Ha emission, and in only one do 
we marginally detect [O ii] . Since these galaxies comprise 
< 1% of the full integrated s amp le, and just 4% of ob- 
jects with L(IR) > 10^^ Lq f ^3.2|l . we do not expect our 
conclusions to be biased with respect to highly obscured 
galaxies. However, these types of objects emphasize the 
need for either Ha or infrared observations to ensure a 
complete census of star formation in galaxies. 

We use traditional emission-line diagnostic dia- 



grams to differentiate galaxies with nebular emis- 
sion powered by star formation versus galaxies with 
an admixture of star formation and AGN activ- 
itv llBaldwin et all Il981t IVeilleux fc OsterbrocS Il987t 
IHo et ahl 119971 IKewlev et ahl 12001 sH. In Figure El 
we plot the observed [O III] /H/3 line-ratio as a func- 
tion of [N ii]/Ha for the MK05 data (squares) and 
the NFGS (triangles). For comparison with the in- 
tegrated line-ratios, we overplot the emission-line se- 
quence traced by individual H ii regions ( small points) in 
spiral galaxies iMcCall et al. 1985; Zaritskv et al.lll994l: 
Ivan Zee et al j [ l998h and dwarf ga laxies lIlzotover^Lll 
" llzotov fc ThuanI IT998h . The solid curve 



in Figure |21 empirically segregates normal star-forming 
galaxies from A GN based on a n analysis of ^ 10^ 
SDSS galaxies bv lKauffmann et"al. ( 20Q3a) . The dashed 
curve defines the theoretical boundary between AGN 
and st ar-forming galaxies presented W_ 'Kewle v et al 
(|2001bl). We conservatively adopt the IKa uffman n et al 
f2003a) curve to remove objects with AGN activ- 
ity, although in 21 we explore the effect of includ- 
ing AGN on our results. Finally, we classify ob- 
jects without la [O ill] A5007 or [N ii] A6584 detec- 
tions as star-forming gal axies using either the condition 
log([N ii]/Ha) < -0.4 (jTremonti et al.l l200l. or using 
the [S II] AA6716,6731/Ha and [O i] A6300/Ha versus 
[O III] A5007/H/3 diagnost ic diagrams and the t heoreti- 
cal boundaries defined bv IKewlev et al.l l)2001b() . After 
rejecting another 9 objects that cannot be classified us- 
ing any of the above methods, our final integrated sample 
consists of 412 star-forming galaxies. 

Figure jH shows that the sequences formed by H ii 
regions and star-forming galaxies overlap across the full 
range of emissio n-line ratios in the [N il]/Ha versus 
JO III] /H/3 plane f Kcnnicutt"1992b'; "Lehnert fc Heckmanj 
Kobulnickv et al. 1999; Chariot fc Longhcttj 
Therefore, to first order, techniques devel- 
oped to analyze the physical properties of individual 
H II regions may be used to interpr et the integrated 
spectral properties of galaxies (e.g., Kobulnickv et al 
[W99; Stasiiiska fc Sodrc 2001; Pilvuein ct al. 2004; 
llvfoust akas fc Kennicuttll2005b() . 

In Figure O we compare the spectrophotometric 
properties of the MK05 and NFGS samples. We 
plot the distributions of the combined sample as 
dashed, unshaded histograms. We collect iJ-band 
photometry for both samples, listed in order of 
preference, from Ide Vaiicouleurs et alJ l)1991[) . LEDA'^ 
ijPrugniel fc Heraudeaulll998(l . or bv synthesizing pho- 
tometry directly from the spectra, as described in 
MK05. These magnitudes have been c orrected for fore- 
ground Gala ctic extinction (Ry — 3.1; 'O'DonncU 199^ 
iSchleeel et al..l99&') , but not for nebular emission lines or 
inclination effects since these corrections are challenging 
or impossible to make at high redshift. Distances for the 
MK05 sample are based on either pri mary or secondary 
measurements when available, or the Mou ld et alJ l|2000f> 
multi-attractor linear infall model. Distances for the 
NFGS sample are based exclusively on the infall model. 
We assign a fixed 15% uncertainty to objects without a 
published distance error. 
In Figure ISli we plot the i?-band hmrinosity distribu- 

^ |http: //leda.univ-lyonl .frl 
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tions for the MK05 and NFGS samples, using Mq^b — 
+5.42 mag to convert between L{B) / L{B)q and Mb- 
Despite the significantly different selection criteria, we 
find the luminosity distributions of the two samples qual- 
itatively similar. The MK05 survey includes a larger 
number of faint dwarf galaxies {Mb ^ — 16 mag) and 
galaxies more luminous than Mb — —20 mag relative 
to the NFGS. The combined distribution, however, is 
fairly uniform between Mb —1& and —22 mag, and 
spans the range between ~ —12 mag and ^ —22.5 mag. 
In Figure we plot the distribution of dust extinction 
at Ha, A(Ha) = 2. ^2E {B-V), as determined from the 
Balmer decrement f H3.1|l . The median (mean) extinction 
for the combined sample is 0.51 mag (0.59 ± 0.50 mag), 
ranging from zero to 2.62 mag in IC 0750, a highly 
reddened Sab galaxy in the MK05 sample. Figure 131:; 
characterizes the metallicity distribution of these sam- 
ples, using the methodology in ii3.4.2l to estimate the 
gas-phase abundance. The median (mean) metallic- 
ity is 8.54 dex (8.50 ± 0.21 dex), and spans the range 
7.77 < 12 -f log (0/H) < 8.84 dex (0.12 < Z/Z© < 1.4). 
The metallicity distribution of the MK05 sample ex- 
tends to lower values than the NFGS due to the inclu- 
sion of a larger number of low-luminosity galaxies. Fi- 
nally, in Figure |3Ji we plot the distribution of observed 
[O III] A5007/[O ii] A3727 flux ratios for both samples. 
The [O iii]/[0 ii] ratio characterizes the hardness of 
the ionizing radiation fi eld, or t he ioniz ation parameter 
of th e photoionized gas l)Shieldsl ll990: K ewlev fc Dooital 
12002^ . In the MK05 sample the median (mean) logarith- 
mic [O iii]/[0 ii] ratio is -0.33 dex (-0.27 ± 0.32 dex), 
but spans a factor of ^ 65 in excitation, whereas the 
NFGS distribution peaks in a narrow range around 
—0.45 ± 0.20 dex. Although in the local universe low- 
mass galaxies undergoing a strong burst of star formation 
typically exhibit the highest [O iii]/[0 ii] ratios, stronger 
ionizing radiation fields may be mu ch more common i n 
high-redshift, massive galaxies fe.g.. lPettini et al]l200lD . 

In summary, we find that by combining our survey with 
the NFGS we achieve wide coverage of the physical pa- 
rameter space spanned by the z ~ Q population of star- 
forming galaxies, from normal galaxies that dominate the 
mass density, to dwarfs and optical/infrar ed starbursts 
that l ikely dominate at hig h redshift fe.g.. iFlores et al.l 
119991 IHammer et all l2005riBeIl et all 12001 . In we 
show that the diversity of this sample allows us to con- 
struct SFR diagnostics that may be applied at high red- 
shift. 

2.2. The SDSS Sample 

To complement our sample of galaxies with integrated 
spectra we culled the S DSS fourth data release (DR4; 
lAdelman-McCarthvl 12005 ) to define a complete sample 
of nearby star-forming galaxies. We use DR4 g alaxies 
in the SDSS Main Galaxy Sample l|Strauss et alJl2n(il . 
which have Petrosian r magnitudes between 14.5 < r < 
17.77 mag and r-band Petrosian half-light surface bright- 
nesses /X50 < 24.5 mag ar csec"^ (corr ected for fore- 
ground Galactic extinction; iSchlegel eiTa l. 1998). We 
only include galaxies having z > 0.033 to ensure that 
[O 11] AA3726, 3729 lies within the spectral range of the 
SDSS spectrograph. In addition, we elect to remove 
galaxies where less than 10% of the r-band light falls 
in the fiber in order to remove cases of extreme aper- 



ture bias, while preserving the approxi mate magnitude- 
limite d nature of the sample (see also iTremonti et alJ 
|2004|) . The 10% cut on light fraction removes less than 
4% of the sample, whereas a cut at 30% removes over 
half of the sample and introduces biases which are dif- 
ficult to quantify. The above requirements result in a 
parent sample of 360,902 SDSS galaxies. 

Emission-line fluxes and equivalent widths for these 
galaxies have been measured^ using a customized con- 
tinuum fitting code based on the iBruzual fc Chariot 
(.2003.) populat i ons sy nt hesis models and described by 
ITremonti et alJ l|2004|) ( ii2.1|l . We have compared the 
results of this code and iSPEClD and we find excellent 
agreement among the resulting emission-line flux and 
equivalent width measurements. To define a sample of 
star-forming galaxies we impose 3(T detections of the Ha 
and H/3 emission lines, which eliminates ~ 50% of the 
parent sample (all early-type), leaving 173, 540 emission- 
line galaxies. Finally, we remove objects contaminated 
by AGN activity using the methodology described in 
H2.ll resulting in a sample of 120, 846 star-forming galax- 
ies. The mean r-band light fraction for this sample is 
25 ± 9%. 

In Figure 01 we compare the distributions of spec- 
trophotometric properties for the SDSS and integrated 
galaxy samples. To facilitate a direct comparison we 
plot the distributions normalized to the total number 
of galaxies in each sample. For the SDSS we compute 
-^B.Vega using the Petrosian ^AB-band magnitude and 
{g — r)AB color, and the following relation (M. R. Blan- 
ton et al. 2006, in preparation): 

Bvega = ffAB + 0.3915 {g - r)AB + 0.087, (1) 

where the g- and r-band magnitude s have been corrected 
for foreground Galactic extir iction iSchleged et al.lll998() 
and k-corrected^ to z = ijBlanton et all 12003(1 . The 
standard deviation of the color term in equation is 
0.15 mag, which we add in quadrature to the measured 
photometric uncertainties. 

Figure^ shows that the SDSS galaxies provide com- 
plete coverage of the bright end of the _B-band luminos- 
ity distribution, centered on —20.1 mag. By compari- 
son, the integrated sample spans a much broader range 
in absolute magnitude, uniformly ranging from the most 
luminous objects in the SDSS to Mb ~ — 16 mag, in- 
cluding a handful of Mb > —16 mag dwarf galaxies. 
Throughout our analysis we will attribute many of the 
differences in physical properties between the integrated 
and SDSS samples to the different luminosity distribu- 
tions, although aperture bias in the SDSS observations 
are also important, as we discuss below. 

Figure ^ compares the distributions of A(Ha) in 
the SDSS and integrated galaxy samples. The median 
(mean) extinction in the SDSS is 0.83 mag (0.85 ± 
0.41 mag), whereas in the integrated sample A(Ha) 
peaks at zero and decreases almost monotonically to 
A(Ha) ~ 2.6 mag. We attribute the observed differences 
in these distributions to two effects. First, in the lo- 
cal universe there exists a correlation between luminosity 
and dust extinction, whereby luminous galaxies contain 

"* http : //www . mpa-garching . mpg . de/SDSS 

^ Us ing k-correct version 4.1.3, which is available at 
http : //cosmo .nyu. edu/blanton/kcorrect 
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more dust, on ave r age, than less luminous g a laxies fii4.1l 
Rua,t Xnl ITflflfit IWa.ng HeckmanI iTnllv et^l 

IQQSl fA 



Wm 'Adelberger fe Steidell 1200(1 I.Tansen et alJ 120011 

^asinska et al. 200|). Consequently, A{Ra) in the SDSS 
peaks at higher values both because the mean luminos- 
ity of the SDSS sample is larger, and because the SDSS 
misses less-extincted, lower-luminosity galaxies. In ad- 
dition, aperture bias in the SDSS may be important. If 
the centers of spiral galaxies have higher optical depths 
to dust compared t o the opti cal depth averaged over the 
whole galaxy (e.g., I^kntiin 1994; Janscn et al. .1994) , 
then the mean extinction in a fiber-optic survey of star- 
forming galaxies will be higher, on average, than the 
mean extinct i on of an integrated spectroscopic survey. 
iKewlev et al.l l|2005! ). however, find that extinction does 
not depend on enclosed light fraction based on a com- 
parison of integrated and nuclear spectra in the NFGS. 

In Figure 0J: we compare the metallicity distributions 
of the two samples, adopting the empirical abun- 
dance calibrations given in ^3.4.21 Relative to the 
integrated galaxy sample, the distribution of oxygen 
abundances in the SDSS peaks strongly at higher 
abundance. The median metallicity in the SDSS is 
12 + log(0/H) ~ 8.70 dex (Z/Zq ~ 1), compared 
to 8.54 dex (Z/Z0 ~ 0.7) in the integrated sam- 
ple. We attribute these differences to a combination 
of two effects: the luminosity-metallicity correlation 
and aperture effects. Locally, and at high redshift, 
luminous star-forming galaxies obey a luminosity- 
metallicity correlation, whereby luminous galaxies are 
more metal-rich than low-luminosity galaxies (J. Mous- 
takas et al. 20 06, in preparatio n: Skillman et al.lll989t 
i Zaritskv et all IT991 iRicher fc McCalL .199^ iGarnettI 



Melbourne fc Salzeil 120021: iTremonti et all 120041: 

iKobulnickv et alJ 120031 iKobulnickv fc KewlevI l2004|) . 

The median Mb magnitude difference of the two 
samples is —1.33 mag. Adopting the slope of the 
i3-band lumin o sity-m etallicity correlation found by 
ITremonti etlH l|200^ . -0.185 dex mag ^, we predict 
a median metallicity difference of -1-0.25 dex. This 
value has the correct sign, and, given all the uncertain- 
ties, is roughly consistent with the measured median 
metallicity difference of -1-0.16 dex. Aperture effects 
may also drive the SDSS metallicities to higher values, 
since the centers of spiral galaxies are typicall y more 
meta l- rich than their outskirts (e.g., McCall et al.l 
1^85'; 'Oev fc Ke nnicutlJ IT 993: Zarits kv et all 
Kennicutt fc (r arnetn" 199ft: .van Zee T^LLl 
Pilvugin e t all l2004h|) . ITremonti et alJ l|200^ 



esti- 
mate that aperture bias in the SDSS may lead to an 
overestimate of the glo bally averaged met allicity by at 
least -f-0.1 dex (see also IKewlev et al7 '2005'). 

Finally, in Figure 0Ji we compare the distributions of 
the observed [O iii] A5007/[O 11] A3727 ratios in the SDSS 
and integrated galaxy samples. The median (mean) ion- 
ization parameter of the SDSS galaxies is —0.54 dex 
(—0.52 ±0.15 dex), lower on average and more narrowly 
peaked than the distribution of ratios in the integrated 
galaxy sample. The observed differences are consistent 
with the higher mean luminosity and m etallicity of th e 
SDSS galaxies (Dopita ct al. 2000; Kcwle v et alboOlal) . 
and with the inclusion of a larger number of extreme 
starbursts with hard ionizing radiation fields in the inte- 
grated galaxy sample. 



To summarize, we find significant differences among 
the SDSS and integrated samples, which is not surpris- 
ing given the different selection criteria. Although the 
integrated sample contains < 1% the number of objects 
in the SDSS sample, it intentionally spans a broader 
range of physical properties such as luminosity, metal- 
licity, dust extinction, and ionization. By comparison, 
the strength of the SDSS sample is its statistical com- 
pleteness of the bright end of the luminosity function, 
although aperture bias must be carefully treated. In the 
following analysis of optical SFR diagnostics we discuss 
all these effects in detail. 

3. ANALYSIS 

3.1. Nebular Reddening 

To quantify the amount of dust reddening we compute 
the Balmer decrement, Hq;/H/3, where all the Balmer 
emission lines have been corrected for underlying stellar 
absorption as discussed in fj^] We define the color excess 
due to dust reddening, E{}i(3-lla), using the relation 



E(R(3-lla) EE -2.5 log 



(Ha/H/3)i 



(Ha/H/3)obs 



(2) 



where (IlQ;/II/3)obs is the observed decrement and 
(Ha/Il(3)int is the intrinsic Balmer decrement. We as- 
sume the case B recombination value (Ha/H/3)i„t = 
2.86, which is appropriate for an individual H 11 re- 
gion at a typical elect ron temperature and density 
ijStorev fc Hu mrneilll995 'l. To account for the small vari- 
ation in (HQ;/H/3)int with electron temperature we prop- 
agate a 5% systematic uncertainty in (IIa/H/9)int into 
the total error in £;(H/3-Ha). To relate E{RP-}ia) to 
the broad-band color excess, Fi{B — V), we introduce an 
attenuation curve, fc(A) = A{X)/ E(B ~V), to obtain the 
expression 



E{B~V) 



£;(H^-Ha) 
fc(H/?) - fc(Ha) ' 



(3) 



where fc(H/3) and fc(IIa) are the values of fc(A) at 4861 A 
and 6563 A, respectively Ce.g.. lCalzettill200H) . 

In order to de-redden our integrated emission-line 
fluxes we must assume a functional form for A; (A). The 
most common practice is to neglect radiative transfer ef- 
fects due to variations in geometr y (whic h, in general, is 
not a good assumption: iWitt et a l. 1992; Witt fc GordonI 
l2000l) . and adopt a Mi lky Way or LMC/SM C extinc- 
tion law. Alternatively, iCharlot fc Falll (|2000!) advocate 
a power-law attenuation curve, fc(A) oc A~°'^, based on 
a multi-wavelength analysis of nearby starburst galaxies 
and simple radiation transfer arguments. Because opti- 
cal extinction and attenuation curves are similar (un- 
like in the ultraviol et), we opt for t he simplest solu- 
tion and adopt the lO'Do nnelll l|1994 >) Milky Way ex- 
tinction curve. Equation Q then becomes E{B — V) = 
0.874 i;(H/3-Ha). 

In 21 we also consider using the HP/H'y Balmer decre- 
ment to account for dust extinction, since H7 A4340 
is observationally accessible across the same range of 
redshifts as the emission-line SFR diagnostics consid- 
ered in this paper (FigQ. However, obtaining a reli- 
able measurement of II7 is challenging because of its 
intrinsic weakness and the combined effects of stellar 
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absorption and dust extinction. In the following, we 
adopt an intrinsic H/3/II7 ratio of 2.14 assuming an 
electron temperature of 10,000 K; this ratio varies by 
j ust ±3% across a broa d range of nebular conditions 
l|Storev fc Hummer! IT995^ . Using the O'DonncU (1994) 
Milky Way extinction curve, the analogous relations 
to equations ||2Jl and (j2Jl for the II/3/H7 ratio become 
E(R'y - H/3) = -2.5 log (2.I4/H/3/H7) and E{B-V) = 
2.05£;(H7 - H/3), respectively. 

In Figure [SI we compare the reddenings determined us- 
ing Ha/H/3 and H/3/H7 for the MK05 and NFGS samples 
(squares and triangles with error bars, respectively), and 
the SDSS (small points without error bars). The solid 
line is the linc-of-cquality for the two measurements. For 
this comparison we apply a 7a S/N cut on II7, and we re- 
quire that EW(H/3) > 10 A in emission. We impose this 
minimum equivalent width because the H7 emission-line 
measurement is very sensitive to the quality of the con- 
tinuum subtraction. For the SDSS galaxies we find no 
median systematic offset and a dispersion of 0.15 mag. 
The F,{B — V) measurements based on H/?/H7 for the 
MK05 and NFGS samples are displaced systematically 
toward higher reddening by 0.08 and 0.15 mag, respec- 
tively, and the residual scatter is significant: 0.22 and 
0.38 mag, respectively. We attribute the larger discrep- 
ancy between F,{B — V) using H/3/II7 and E{B — V) using 
Hq/H/3 in the integrated samples to their lower spectral 
resolution (~ 8 and ~ 6 A FWHM, respectively), com- 
pared to the SDSS 4 AVTiane et al. (2004i,) discuss 
in detail the biases inherent to low spectral resolution 
spectroscopy. Thus, while H/3/H7 offers a direct mea- 
surement of the reddening in the absence of Ha, the er- 
rors are formidable (> 50%), even in the best case sce- 
nario when detailed continuum subtraction can be used 
and the line S/N and equivalent width are moderately 
high. Fortunately, at high redshift galaxies are more gas 
rich and line equivalent widths are generally larger (e.g., 
iKobulnickv eT aT '200^ . Thus, using H/3/H7 as a red- 
dening diagn ostic in higher-reds hift samples may be more 
reliable re.g.. lFlores et al.ll2004H . 

3.2. Ha A6563 Star- Formation Rates 

The Ha A6563 nebular emission line is one of the 
primary diagnostics used to estimate the SFRs of 
galaxies in th e local universe jKennicuttl 119831 Il992bt 
i Gallego et alJ 1199,'il: iK ennicutt' '19981: iNakamura et all 
120041: iBrinchmann et al . 2004). The largest uncertain- 
ties affecting Ha-based SFRs arc due to dust absorp- 
tion of Lyman-continuum photons within individual 
H II regions, dust attenuation in the general interstellar 
medium of the galaxy, an d uncertai nties in the shape of 
the initial mass function (Kennicutt 1998). Throughout 
this paper we adopt the theoretical calibration between 
the Ha luminosi ty, L(Ha), and the SFR, ip, given by 
iKennicuttI l|1998() : 



V'(Ha) = 7.9 X IQ-^^ 



L{Ra) 

erg s~^ 



(4) 



where L(Ha) has been corrected for underlying stellar 
absorption and interstellar dust attenuation (see also 
IKennicutt et alJ Il994j) . This tra nsformation has been 
computed for solar metallicity, the iSalpeted l)1955|) IMF 
with lower- and upper-mass cutoffs of 0.1 and 100 Mq, 



respectively. Equation also assumes that no Lyman- 
continuum photons are absorbed by dust, a point that 
we return to below. 

In this paper we adopt the extinction-corrected Ha 
luminosity as our fiducial SFR tracer. However, it is 
instructive to assess the absolute accuracy of Ha as a 
SFR indicator by comparing it against other independent 
indicators. Several authors have carried out this exer- 
cise using the ultraviolet, infrared, and radio luminosity 
tBuat & Xu 1996'; 'Cram et al." 1998: Glazcbrook et alJ 
'1999; Bell & Kennicutt ,2001,; Sulli van et al. 200 iF 
2001; Kewlev et a,l.l2002HBuat et a1J20o3 
12003^ .Hirashita, et a,].l 120031 IBelll I2003H. 



Hookin^^l 



■Hopkins et al 



These studies reveal the numerous challenges of deriving 
absolute SFRs because each indicator is coupled to the 
true SFR by different physical processes, and they each 
suffer a variety of systematic uncertainties. Nevertheless, 
we choose to compare ip{lla) to the SFR derived from the 
bolometric infrared luminosity, L(IR) = _L(8 — 1000 fj,m). 
The infrared luminosity measures the amount of stellar 
radiation absorbed and re-emitted by dust grains. As- 
suming solar metallicity, that the dust re-radiates 100% 
of the bolometric luminosity, and that star for mation has 
been continuous for the past 10 — 100 Myr, IKennicutt 
l)1998|) provides the following transformation given the 
same IMF used in equation Q: 



^(IR) = 4.5 X 10 



-44 



LjlR) 
erg s^i 



Mq yr" 



(5) 



The coefficient in equation lO will be different in galaxies 
with significant dust heating f rom old stellar populations, 
or lower overall dust content l)Kennicuttlll998l: II3ellll2003l: 
Hiras hita et alJl20fl3D . 

We estimate L(IR) for our integrated galaxy sample 
using the following procedure. Fluxes from IRAS at 12, 
25, 60 and 100 /im for our survey have been tabulated by 
MK05. Ranked in order of preference, t hese flux es are 
from the large optical galaxy catalog (Ri ce et aPni jSSl. 
the IRAS Bright Galaxy Survey (Soifcr et al."1989), or 
the Faint Source Catalog (Moshir et al. 1990). IRAS 
fluxes for the NFGS have been gathered from the same 
references. If no detection is reported at 12 or 25 /xm, 
we use the e mpirical ratios (correct to ±30%) given 
in iBeiil (g^: 5'^(12 fxm)/S^{100 /im) = 0.0326 and 
5*1,(25 /im)/S',.(60 /im) = 0.131. We confirm the va- 
lidity of these ratios for the subset of our sample with 
detections in all four IRAS bands. To extrapolate the 
infrared spectral energy distribution beyond 100 /im, we 
construct a modified blackbody with dust emissivity pro- 
portional to ((Gordon ct al. 2000; BeU 2003). We de- 
termine the temperature and normalization of the mod- 
ified blackbody using the S^iQO /im)/S'y(100 /xm) fiux 
ratio for each object. Finally, we integrate numerically 
between 8 — 1000 /im to obtain L(IR). On average, our 
L(IR) estimates are a factor of 1.84 ± 0.22 (ranging from 
factors of 1.28 — 3.19) larger than th e far-infra red lumi- 
nosity, L(FIR) = L(40-120 /im) (,Helou et alJl9881 We 
assume a systematic uncertainty of 15% in L(IR) ijBelll 
I2003|) . which we add in quadrature to the reported IRAS 
flux uncertainties. 

To verify our technique for estimating L(IR), which 
uses flux measurements in all four IRAS bands, 
we compare our results against the methods devel- 
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oped bv Dale et alJ Eooli ) iDale fc Heloul ll200^ . and 
iSanders fc Mirabell l(l99^ iDale et all l|200lD ^sent a 
semi-empirical technique for estimating L(3 — 1100 /im) 
by arguing that the infrared spectral energy distribu- 
tions of dusty galaxies can be parameterized in terms 
of a single parameter, the S,y{60 yLtm)/5'^(100 /im) ratio, 
which characterizes the relative le vel of star formation 
activity in galaxies. Subsequently, IDale fc Heloul 1)20021) 
use new submillimeter observations to show that their 
original model over-predicts the amount of cold dust 
emission in quiescent galaxies, and they present an up- 
dated semi-empirical relation for deriving L(3 — 1100 /im) 
based on IRAS fluxes at 25, 60, and 100 /im. Finally, 
ISanders fc Mirabel l)1996j) present an empirical relation 
for deriving L(8— 1000 /im) based on all four IRAS bands. 
However, because this relation is optimized for luminous- 
and ultra-luminous infrared galaxies, it tends to over- 
predi ct £(IR) in galax ies with a larger amount of cold 
dust ijDale et al.ll200lD . With these caveats in mind, we 
find that our L(IR) values are 19%, 16%, and 7% smaller, 
respectively, than the three calibrations described above. 
We at tribu te part of the differe nce with the Dal e et al.l 
l|2n0lD and IDale fc HeloiJ l|2002t) estimates to the differ- 
ent definitions of L(IR). For example, as much as ~ 10% 
of the total infrared energy budget in quiescent systems 
is emitted at 3 — 8 /im (jDale fc Helou 2002, their Ta- 
ble 2). Because we adopt a systematic uncertainty of 
15% in our estimate of L{IR), we conclude, therefore, 
that our results are consistent with these other methods. 

In Figure El we plot the ip(Ha)/ip{lK) ratio against 
L{B) for our integrated sample, using the observed Ha 
luminosity in panel (a) and the extinction-corrected Ha 
luminosity in panel (&). The solid line indicates equal- 
ity of the two SFR measurements. Here and throughout 
much of our analysis we adopt the _B-band luminosity 
as our preferred independent variable. As we discuss 
in M.l\ the two dominant sources of scatter in optical 
SFR diagnostics, dust extinction and metallicity, corre- 
late strongly with L{B). Furthermore, L{B) serves as 
an observationally convenient surrogate for stellar mass 
that is available for both our local samples and most 
high-rcdshift samples. In panel (6) we also plot the dis- 
tribution of S^{60 /im)/S'i.(100 fim) ratios for the MK05 
and NFGS samples, illustrating the higher average level 
of star formation activity in the MK05 sample. 

To first order we find that ■i/;(Ha) based on the observed 
Ha luminosity is systematically offset from ')jj{lR) by a 
median (mean) amount —0.27 dex (—0.26 dex), and that 
the scatter in the ratio is 0.37 dex, or a factor of ^ 2.3 
(Fig. Eh)- To second order, we observe a strong system- 
atic dependence on L{B) in the sense that '0(Ha)/'0(IR) 
decreases by a factor of ^ 100 over a factor of ~ 3000 
increase in L{B). In Figure we show the effect of 
correcting Ha for extinction using the observed Balmer 
decrement. The median (mean) systematic difference re- 
duces to 0.00 dex (0.02 dex), and the scatter decreases 
to 0.22 dex. Moreover, extinction-correcting Ha removes 
much of the second-order trend seen in panel (a). 

Consequently, we find that correcting Ha for extinc- 
tion using a simple Milky Way extinction curve and the 
observed Balmer decrement gives Ha SFRs that are con- 
sistent with V'(IR-) with a precision of ±70% and no sys- 
tematic offset, even in many of the most dust-obsc ured 
galaxies in our sample (see also lKewlev et ai]l2002D . At 



face value, this agreement may seem surprising, given 
the simple assumptions built into equations ^ and (0). 
For example, our Ha SFR calibration assumes that none 
of the Lyman-continuum radiation from massive stars is 
absorbed by dust. Including this effec t, which may be a 
significant correction fe.g.. Inoue et al. .2001 1. would in- 
crease the inferred SFR at a given Ha luminosity. How- 
ever, the agreement between ipO^) ^-iid the extinction- 
corrected iplUa) suggests that Lyman-continuum extinc- 
tion is not significant for our sample. We note, how- 
ever, four infrared-luminous galaxies in the MK05 sam- 
ple (CGCG239-011 W, IRAS 17208-0014, NGC 3628, 
and UGC 09618 N) which faU significantly below the 
ip{Ila) = V-'(IR-) line in Figure 13). Assuming ip{lR) rep- 
resents the actual SFR in these objects, the extinction- 
corrected ?/'(Ha) would underestimate the SFR by up 
to an order-of-magnitude. In addition, ipilR) is suscep- 
tible to several simplifying assumptions which we have 
neglected in our comparison. The most important as- 
sumption may be that 100% of the bolometric luminos- 
ity associated with the current star formation episode is 
absorbed by dust and re-emitted into the infrared. In 
fact, at low luminosity {Mb ^ —19 mag), we find that 
V'(Ha)/^/'(IR) > 1 for our sample in a systematic sense. 
If the extinction-corrected ip(Ha) reflects the actual SFR 
in these objects, then ipilR) would under- estimate the 
SFR by factors of 1.5 - 5. 

Clearly, all these effects warrant a more in-depth anal- 
ysis. However, our emphasis in this paper is to ex- 
plore rest-frame optical emission-line diagnostics. Con- 
sequently, in the remainder of this paper we adopt the 
Ha luminosity, suitably corrected for stellar absorption 
and extinction using the observed Balmer decrement, as 
our fiducial SFR tracer, and we assume equation Q is 
the appropriate transformation from luminosity to SFR. 

3.3. Hl3 A4861 Star-Formation Rates 

Above z ^ 0.4, Ha becomes inaccessible to ground- 
based optical spectrographs. In the search for reliable, 
self-consistent SFR measurements at all redshifts, the 
higher-order Balmer lines such as H/3 offer a promising 
alternative. The advantages and disadvantages of us- 
ing H/3 to measure the SFR were originally discussed by 
iKennic^ifr^ l)1992bD . who discouraged its use due to the 
difficulty of accounting for underlying stellar absorption 
from moderate-resolution spectroscopy of galaxies with 
EW(Ha + [N ii]) < 50 A. However, population synthesis 
modeling of the stellar continuum ensures accurate re- 
moval of the abs orption underlying th e nebular emission 
lines MK05: memonti et al.ll200^ . 

As a SFR diagnostic, H/3, like all the Balmer lines, in- 
herits the same strengths and weaknesses of Ha: it is 
equally sensitive to variations in the IMF and to absorp- 
tion of Lyman-continuum photons by dust within star- 
forming regions. In addition, H/3 suffers more interstellar 
dust attenuation and is fractionally more sensitive to un- 
derlying stellar absorption. For example, assuming that 
Ha experiences one magnitude of extinction and that 
stellar absorption is a 20% correction, the observed H/3 
line will be 0.18 times the strength of Ha. Despite these 
uncertainties, when available, H/3 may be a superior SFR 
diagnostic than the more commonly used [O ii] A3727 
nebular emission line f t|3.4|) . 

In Figure 13 we explore the systematic effects of stellar 
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absorption and dust reddening on H/3 as a precision SFR 
indicator. This comparison includes all objects having 
EW(H/3) > 5 A in emission. Below this limiting equiv- 
alent width, H/3 measurements are very uncertain, even 
when using population synthesis to subtract the stellar 
continuum. For reference, in the MK05 and NFGS sam- 
ples the mean stellar absorption underlying the H/3 emis- 
sion line is 4.4 ± 0.6 A and 3.9 ± 0.5 A, respectively. 

Figure[71i plots the observed H/3 /Ha ratio without cor- 
rections for dust reddening or stellar absorption at H/3. 
The dashed line in panels (a) and (b) indicates the intrin- 
sic B almer decrement, log (H/?/Ha)int = —0.46 dex (see 
SjOJ- By definition, galaxies whose Ha and H/3 fluxes 
have been corrected for reddening using the Ha/H/5 ra- 
tio would lie along this line, and H/3 would mirror Ha 
as a star formation tracer. We find that the observed 
H/3/Ha ratio varies systematically with L{B) due to 
the combined effects of stellar absorption and redden- 
ing, and that the median (mean) ratio is —0.84 dex 
(— 0.86±0.22 dex). In Figure[3) we show the effect of cor- 
recting H/3 for underlying stellar absorption. The data 
shift toward the intrinsic ratio in a luminosity-dependent 
way because, locally, luminous/massive galaxies have, on 
average, lower emission- line equivalent widths. The de- 
pendence on L{B) becomes less pronounced, the median 
(mean) ratio increases to —0.53 dex (—0.54 dex), and the 
scatter reduces to just 0.07 dex. The residual dependence 
of (H/3/Ha)obs on L{B) reflects the luminosity-dust cor- 
relation, which we discuss in more detail in M.l\ The 
low scatter in this figure is due to the Ha/H/3 ratio's 
sensitivity to variations in reddening. 

Finally, in Figure ^jp we plot the ratio of the ob- 
served H/3 luminosity, L(H/3)obs, corrected for stellar 
absorption, to ?/'(Ha), versus L{B). Below L{B) < 
3 X 10^ L{B)q, the median ratio is nearly constant at 
~ —0.4 dex, and the scatter ranges from 0.06 to 0.13 dex, 
or 15 — 35%. Toward higher luminosity, the median 
ratio decreases progressively (reaching a minimum of 
~ —0.9 dex), while the scatter increases systematically 
from 0.13 dex near ~ 3 x 10^ L{B)q, to 0.20 dex (±60%) 
at ~ 10^^ L{B)q. In M.'2\ we parameterize the observed 
non-linear dependence of i(H/3)obs/V'(Ha) on L{B) and 
discuss it in more detail. Finally, we note that if we do 
not correct H/3 for stellar absorption in Figure 0:;, the 
trend with luminosity steepens (since the correction is 
more important for luminous galaxies), the median H/3 
SFR conversion factor is ^ 70% lower, and the scatter 
increases to 0.36 dex, or ±130%. We find that even ap- 
plying a simple statistical correction of 4 ± 1 A reduces 
the scatter in L(H/3)obs/'0(Ha) to ~ 0.24 dex, although 
the systematic trend with blue luminosity remains. 

The SDSS sample provides the opportunity to investi- 
gate the same empirical correlations explored above us- 
ing more than two orders-of-magnitude more galaxies. 
In Figure |H1 we plot the H/3/Ha ratio as a function of 
L{B) for the SDSS. In order to accomodate the large 
number of data points, each panel displays the loga- 
rithm of the number of galaxies in a 100 x 100 square 
grid. The trends exhibited by the SDSS galaxies are 
very similar to those observed in Figure [T] using the inte- 
grated sample. Once again, we find that correcting H/3 
for stellar absorption reduces both the luminosity de- 
pendence and the scatter in the observed Ha/H/3 ratio 
(compare Figs.|Hh andlHJ*). For reference, the mean H/3 



absorption correction for the SDSS sample is 2.4 ±0.6 A. 
The median (H/3/Ha)obs ratios in Figures IHh andlH^* are 
systematically lower by 0.07 dex than the correspond- 
ing panels in Figure [7| due to the higher mean extinc- 
tion and near-absence of any galaxies less luminous than 
Mb ^ -18 mag in the SDSS sample (Fig. Ej). Finally, 
Figure IHt shows the transformation between L(H/3)obs 
and '0(Ha) as a function of L{B). The median conversion 
factor varies from —0.65 dex around '--^ 3 x 10^ L{B)q, 
to —0.95 dex near ~ 10"'^^ L{B)q, while the dispersion 
at fixed luminosity is fairly constant at 0.23 dex, or 
±70%. 

In conclusion, we find that both variations in dust 
reddening and stellar absorption limit the precision of 
L(H/3)obs as a quantitative SFR indicator. Correcting 
up for underlying stellar absorption either statistically 
or using population synthesis modeling reduces the un- 
certainty in '0(H/3) substantially and should not be ne- 
glected. Finally, we find that dust reddening introduces 
an average error of 0.1 — 0.25 dex in ?/'(H/3), depending 
on the luminosity distribution of the sample. In ii4.2l we 
attempt to improve the statistical precision of L(H/3)obs 
as a SFR indicator by parameterizing L(H/3)obs/'0(Ha) 
in terms of L{B). 

3.4. [O u] A3727 Star- Formation Rates 

As we discuss in ^ the [O ii] A3727 nebular 
emission line is frequently used as a qualitative and 
quantitative tr acer of star formation in g a laxies (e.g., 
'Soneaila ct al." '1994'; 'Hammer et al.' 1997: 'Hogg et alJ 
1998; HiDDclcin et al. 2003; TcDlitz ct al. 2003)7 SFRs 
based on [O ii], however, are subject to considerable sys- 
tematic uncertainties due to variations in dust reddening, 
chemical abundance, and ionization among star-forming 
galaxies. In this section we explore these systematic ef- 
fects using empirical correlations in order to understand 
the limitations of [O ii] as a SFR indicator. 

3.4.1. Variations in Dust Reddening 

We begin our analysis by studying the effects of dust 
reddening on the [O ii]/Ha flux ratio. In Figure IHl we 
plot [O ii]/Ha versus L{B) for the integrated spectro- 
scopic sample. Figure EJj shows the observed [O ii]/Ha 
ratio, ([O Ii1/Ha)nbs, uncorrec ted for dust reddening. As 
shown bv lJansen et alJ l)200lD . the observed ratio varies 
systematically with luminosity in the sense that more 
luminous galaxies have, on average, lower [O ii]/Ha ra- 
tios. We find a median (mean) logarithmic ratio of 
—0.17 dex (—0.21 ± 0.22 dex), corresponding to a linear 
ratio ([O ii]/Ha)obs — 0.68 and a scatter of ±65%. For 
comparison, Kennicutt (1992b) obtains a median line- 
ratio of 0.45 ± 0.26 based on a smaller sample of nor- 
mal luminous galaxies. Figure |3) shows the reddening- 
corrected [O ii]/Ha ratio, ([O ii]/Ha)cor, versus L{B). 
Correcting both [O ii] and Ha for dust reddening re- 
moves almost all the luminosity dependence seen in 
panel (a), increases the median (mean) ratio to 0.00 dex 
(—0.01 dex), and reduces the scatter to 0.12 dex. Con- 
sequently, we find that even with an optimal reddening 
correction (i.e., using Ha/H/3), the scatter in [O ii]/Ha 
is ~ 32%, which, in the absence of any other correc- 
tions, places a lower limit on the uncertainty in [O ii] 
SFRs. However, if Ha were available to make this dust 
correction then Ha should be used in place of [O ii] to 
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derive the SFR. A Spearman rank correlation test on 
the data in Figure ^ yields a correlation coefficient of 
—0.18; the probability of obtaining this coefficient by 
chance is < 1%. In H3.4.2I we show that metallicity, 
which also correlates with luminosity (see i)4.1|l . drives 
this residual correlation. Finally, in Figure we plot 
the L{[0 ii])obs/V'(Ha) ratio versus L{B). We find that 
the median [O ii] SFR transformation varies systemat- 
ically with blue luminosity, from 0.02 — 0.05 dex below 
3 X 10^ L{B)q, to -0.67 dex near - 10" L{B)q. This 
luminosity dependence is driven by the combined effects 
of reddening and metallicity, which we discuss in detail 
below, and parameterize in ti4.3l In the absence of any 
other information, however, SFRs based on the observed 
[O ii] Imninosity are susceptible to a 0.39 dex uncer- 
tainty, or a factor of ~ 2.5. 

Figure [TUI plots the correlation between [O il]/Ha and 
L{B) for the SDSS sample. The mean and median ratios 
of the SDSS galaxies are systematically lower than the 
corresponding ratios for the integrated sample (Fig. . 
These differences are partly due to the narrower optical 
luminosity distribution in the SDSS sample (Fig. 0Ji): 
the low-luminosity galaxies in the integrated sample act 
to elevate the median ratio. However, even at fixed 
luminosity the distribution of [O ii]/Ha in the SDSS 
is shifted to lower values. For example, the median 
(mean) ([O ii]/Ha)cor ratio around (2 - 5) x 10^" L{B)q 
is -0.22 dex (-0.22 ±0.15 dex), compared to -0.04 dex 
(—0.06 ± 0.12 dex) in the integrated sample. Finally, 
comparing Figures Et and llOb . we find that the red- 
dening correction applied to the SDSS galaxies is much 
less effective at removing the luminosity dependence of 
the [O iiJ/Hq; ratio than for the galaxies with integrated 
spectroscopy. We explore this point next. 

In Figure ITTI we show the observed [O Ii]/Hq; flux ra- 
tio as a function of E(lll3-lla) for the integrated sam- 
ple and the SDSS. Confirming I.Tansen et alJ l)2001t) . we 
find that ( [O ii]/IIa)r,hs correlates tightly with reddening 
(see also lAragon-Salamanca et al.l 120021 iKewlev et al.l 
I2004|) . In the integrated sample ([O ii]/IIa)obs de- 
creases by an order-of-magnitude over a factor of ^ 2. 5 
change in E(Jip-}la). Following Jansen et al.l l)2001|) . 
we ov erplot the predict ed reddening at [O ll] and Ha 
for the lO'Donnelll 1119941) Galactic ext inction curve {solid 
line), and the Chariot fc Falll l)2000j) attenuation curve 
{dashed line). Other reddening curves in this wave- 
length regime (e.g ., for the Small Magellanic Cloud; 
iCordon et alJl200^ are very similar to the two curves 
plotted. We define the intercept of these curves to be 
log ([O ii]/HQ;)obs = 0.0 dex for the integrated sam- 
ple, corresponding approximately to the intrinsic (de- 
reddened) flux ratio of the data (see Fig.|5t). The slope 
of the relation between ([O ii]/Ha)obs and E{ll/3-lla) 
is remarkably consistent with the expected reduction in 
flux between 3727 A and 6563 A due to a simple fore- 
ground extinction curve. The SDSS galaxies, by com- 
parison, exhibit a more complex relationship between 
reddening and observed [O ii]/Ha] ratio fFig. lllI right). 
The solid and dashed lines show the same two extinc- 
tion curves described above, this time normalized to 
log ([O ii]/Ha)obs = -0.16 dex (see Fig.HHt)- The SDSS 
sample exhibits a much larger range in [O Iij/Ha ratio 
at flxed reddening. Within E{ll(3-lla) — 0.4 ±0.05 mag, 
the total range in ([O ii]/HQ;)obs spans a factor of ^ 11, 



compared to a factor of ~ 3.5 in the integrated sample. 
In H3.4.2I we show that these differences arise because 
the reddening-corrected [O ii]/Ha ratio correlates with 
oxygen abundance, which affects the SDSS sample to a 
greater extent. 

Before investigating the metallicity sensitivity of [O ii] , 
we turn our attention to an interesting set of outliers in 
Figure im ('/eft'). In the integrated sample we find galax- 
ies with widely varying [O ii]/Ha ratios, —0.8 dex < 
log ([O ii]/HQ!)obs ^0.1 dex, but very little dust redden- 
ing, £^(H/3-Ha) < 0.2 mag. These objects are the low- 
luminosity, low-metallicity galaxies in our sample, which 
exhibit low [O ii]/Ha ratios because they are deficient 
in heavy elements such as oxygen. Although obtaining 
high-quality spectroscopy of the high-redshift counter- 
parts to these low-luminosity objects is very difficult (see, 
e.g., their existence indicates that any [O li]-based 
SFR calibration must be applied carefully to chemically 
unevolved objects, which may be muc h more common at 
high redshift fe.g.. Maier et al]l2005r . We do not iden- 
tify a corresponding branch of extremely low-metallicity 
galaxies in the SDSS sample, which is co nsistent with its 
luminosity distribution and the study bv lTremonti et all 
(.20041 . 

3.4.2. Variations in Oxygen Abundance 

In the preceding analysis we have shown that the ob- 
served [O ii]/Ha ratio correlates very tightly with red- 
dening in the integrated sample and less well in the SDSS 
sample. To investigate this difference and the origin of 
the residual scatter, we study how variations in metal- 
licity affect the [O ii]/Ha ratio. One widely used abun - 
dance indicator is the R23 parameter (iPagel et alJll978j) . 
given by 



R23 — 



_ [O II] A3727 + [O III] AA4959, 5007 



H/3 A4861 



(6) 



where each emis sion line must be corrected fo r dust red- 
dening (but see iKobiilnickv fc Ph illips 2003) . Observa- 
tions of H II regions and photoionization modeling reveal 
that i?23 depends on the oxygen abundance, although the 



tnat it23 depends on tne oxygen abundance, altnougn tn 
relationship is not monotonic ('Edmunds ,^^gggj 

f'" killman 1989; McGaugh 1991; Kobiflnic k^et all 119991: 
ilvugini 12000. 200k IKewlev fc Dopit a 2002). In addi- 
tion, R23 depends on the ionization parameter, partic- 



ularly at low metallicity (e.g., |Kobulnick^_g^_^ 



and possibly even at high metallicity (^PilvugiE 



1999), 
200L) . 



Recent observations have also shown that the theoret- 
ical calibration of R23 is discrepant by 0.2 — 0.5 dex 
relative to electron-temperature abundance measure- 



(J. Moustakas et al., 2006, in preparation; 


Pilvuginll2001l: 


Kennicutt et al. 2003 
20041). Unfortunately 


Garnett et al.l2004l: 


Bresolin et alJ 


, we cannot use R23 to probe the 



metallicity sensitivity of [O 11] because it depends explic- 
itly on the [O 11] intensity. To emphasize this point, we 
adopt Ha/H/9 = 2.86 as the de-reddened Balmer decre- 
ment and rewrite equation as 



log 



[O II] A3727\ 



= l0g (i?23)- 

, ^ , [O III] AA4959,5007 ^ 
+ [O II] A3727 , 



log (2.8 
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This equation shows that log([0 ii]/Ha) and log(i?23) 
are Unearly proportional with a slope of unity and an 
intercept that depends weakly on the [O iil]/[0 il] ra- 
tio. Due to this covariance, therefore, we argue that R23 
should not be used to quantify the [O 11] metallicity de- 
pendence. 

Fortunately, there are several other strong-line 
abundance diagnostics that do not rely on the 
[O 11] emission-line flux. One such indicator is 
the (fO III] /H/3)/ ( [N Il1/Ha) ratio llAllo in et al.' 1971 
i Paeel et al.l ITOTa iDutil fc Rovl 119991: iPettini fc Pagel 
12004(1 . A recent empirical calibration between 
([O llll/ H/gl/ffN 11] /Ha) and the oxygen abundance is 
given bv IPettini fc Paeell l|2004|) : 



12+log(0/H) 8.73-0.32 log 



[O III] A5007/H/3 A4861 



[N II] A6584/Ha A6563 

Equation (jSJ is only appropriate in the range —1.0 < 
log{([0 iii]/H/3)/([N ii]/Ha)} < 1.9 dex, or 8.12 < 12 + 
log (0/H) < 9.05 dex. Below 12 -I- log (0/H) ~ 8.12 dex, 
therefore, wc adopt an empirical calibration b ased on the 
[N 11] A6584/Ha ratio l|Pettini fc Page]ll200l : 

12 + log (0/H) = 8.9 + 0.59 log ([N 11] A6584/Ha). (9) 

Note that equation ^ should not be applied at high 
metallicity because [N 11] /Ha converges to an approxi- 
mately constant value in star- forming galaxies (see, e.g.. 
Fig. 121). Due to their small wavelength separation, both 
([O III] /H/3)/ ([N 11] /Ha) and [N 11] /Ha are insensitive to 
dust reddening, and therefore equations ^ and (|5J can 
be applied to the observed emission-line fluxes. 

In Figure^lwe plot the reddening-corrected [O 11] /Ha 
ratio as a function of oxygen abundance for the inte- 
grated sample, H 11 regions, and the SDSS sample. The 
H II region comparison is valuable because H 11 regions 
span a broader range of [O 11] /Ha flux ratios and abun- 
dances relative to both our galaxy samples. Not unex- 
pectedly, we find that ([O ii]/Ha)cor varies with metallic- 
ity. Heavy elements, particularly oxygen, are an impor- 
tant source of radiative cooling in H il regions because 
they have collisionally exci ted energy levels t hat are well- 
populated at ~ 10,000 K l|Osterbrockl(T989l) . Figurepi 
therefore, reflects the behavior of oxygen cooling with 
metallicity. 

In order to characterize the dependence of [O 11] /Ha 
on oxygen abundance we divide Figure IT^ into a metal- 
poor regime, 12-1- log (0/H) < 8.15 dex, an intermediate- 
mctallicity regime, 8.15 < 12 -I- log (0/H) < 8.7 de x, and 
a metal-rich regime, 12 -|- log (0/H) > 8.7 dex. In tl3.4.1l 
we identified the most metal-poor galaxies in the inte- 
grated spectroscopic sample as outliers in the correla- 
tion between ([O ii]/Ha)obs and dust reddening fFig.lTTl 
left). In Figure [T^f /eft) we see that their ([O ii]/Ha)cor 
ratios obey an almost linear dependence on oxygen abun- 
dance, rising by a factor of 5 over a factor of ~ 2.5 
increase in metallicity. In the SDSS there are only 57 
galaxies in this part of the diagram, all with metallici- 
ties around ^ 8.1 dex. In the intermediate- metallicity 
regime ([O ii]/Ha)cor plateaus to a median (mean) value 
of 0.04 dex (0.03 ± 0.07 dex) in the integrated sample, 
and to 0.01 dex (0.00 ± 0.11 dex) in the SDSS. In this 



regime we find ~ 75% of the integrated spectroscopic 
sample and ~ 50% of the SDSS galaxies. The weak 
metallicity dependence and small scatter (±15 — 35%) 
of the reddening-corrected [O 11] /Ha ratio in the metal- 
licity interval 12-|-log (0/H) = 8.15 — 8.7 dex constitutes 
one of the principal results of this paper. Finally, above 
12 + log (0/H) = 8.7 dex we find that ([O ii]/Ha)cor 
decreases by a factor of ~ 1.6 in the integrated sam- 
ple and by more than a factor of ^ 3 in the SDSS over 
a very short interval in metallicity, ~ 0.2 dex. In this 
regime the median (mean) ratio of the integrated sample 
is -0.13 dex (-0.12±0.11 dex) compared with -0.24 dex 
(-0.24 ±0.13 dex) in the SDSS. We conclude, therefore, 
that correcting [O 11] /Ha for extinction in the SDSS sam- 
ple (Fig. \Wt )) marginally decreases the scatter because 
of the steep metallicity dependence of ([O ii]/Ha)cor for 
12 + log (0/H) > 8.7 dex. 

To better understand Figure 1121 w e turn to pho toion- 
ization models. Recently, Kcwlcy et al.l l|2001aD have 
studied the variation of optical emission-line ratios as 
a function of metallicity, ionization parameter, ioniz- 
ing spectral energy distribution, and star-formation his- 
tory using a large grid of photoionization model cal- 
culations. We use these models to plot in Figure El 
the theoretical [O 11] /Ha ratio as a function of oxygen 
abundance for six values of the ionization parameter, 
U oc [n^'^Qfl^, where Uc is the electron density, / is 
the filling fraction, and Q is the rate of photoionizing 
photons injected into the gas by massive stars. These 
theoretical curves have been computed using input spec- 
tral energy dist ributions for evolved star-clusters from 
STARBURST 99 l|Leitherer et alJll999() . which are them- 
selves based on the metalli city-dependent stellar atmo- 
spheres from lLeieune et all {l997) and the Geneva^ stel- 
lar evolutionary tracks. For this comparison we have 
adopted the 8 Myr con tinuous star-formatio n history 
model s from lKewlev et a l. (2001ai) based on the lSalpeteJ 
l|195,'ift IMF, evaluated between 0.1 and 120 Mq. 

We find very good correspondence between the ob- 
served and the theoretical metallicity dependence of 
[O ii]/Ha. In the metal-poor regime, the models show 
that both a reduction in the heavy-element abundance 
and a hardening of the ionizing radiation field, toward 
higher values of U, drive the rapid decline in [O 11] /Ha. 
The plateau in the intermediate-metallicity regime, and 
the subsequent decline in [O 11] /Ha at high metallicity, is 
due to the increasing importance of nebular cooling via 
the infrared fine-structure lines and a consequent weak- 
ening of the [O 11] line-flux. Finally, according to the 
models, the scatter in [O 11] /Ha at flxed metallicity arises 
from differences in ionization parameter. For example, 
around 12 + log (0/H) — 8.4±0.1 dex the total variation 
in ionization parameter in the integrated sample is a fac- 
tor of ^ 10 (—3.8 < log U < —2.9 dex), which results in 
the measured ~ 15% scatter in the observed [O 11] /Ha 
ratio at flxed metallicity. 

3.4.3. Summary of Physical Sources of Scatter in 
[O 11] /Ha 

The empirical correlations shown in Figures I9I12I en- 
able us to evaluate the importance of dust extinction, 
metallicity, and ionization on the L{[0 ii])obs/V' ratio. 

^ |http: //obswww.unige . ch/~{}mowlavi/evol/stev_database .html| 
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Figure 1111 shows that dust reddening in the integrated 
sample accounts for most of the variation in the ob- 
served [O ii]/Ha ra tio, in accord with the findings of 
iJansen et al.l l)2001tl . However, the same is not true for 
the SDSS. We reconcile this discrepancy in Figure 1121 
where we plot the reddening-corrected [O ii]/Ha ratio as 
a function of metallicity. Both the integrated and SDSS 
samples map out similar sequences, which agree well with 
the theoretical models by Kewlev ct al. (2001a). We find 
that most of the integrated sample galaxies have metal- 
licities in the range 12 + log (0/H) = 8.15 - 8.7 dex, 
where the metallicity dependence of the [O ii]/Ha ra- 
tio is weak, while the majority of SDSS galaxies have 
12 + log (0/H) > 8.7 dex, where the correlation becomes 
steep. Thus, for the SDSS sample, metallicity dominates 
over reddening as a source of the scatter in the [O ii]/Ha 
ratio, whereas it is only of minor significance for the 
less metal-rich integrated sample. We note that galax- 
ies occupy a fairly narrow range in ionization parameter, 
so this contributes minimally to the observed spread in 
[O ii]/Ha. From a practical standpoint, we are unlikely 
to measure accurately metallicity, ionization, and dust 
attenuation at high redshift. Therefore, in M.HI we focus 
on the empirical correlation between L{[0 ii])obs/V' and 
L{B). The well-known correlations between luminosity, 
metallicity, and reddening (see H4.1(l , and the wide avail- 
ability of L{B) measurements of high-redshift galaxies, 
motivate this choice. 

3.5. [0 111] A5007 Star- Formation Rates 

iKennicutd l|1992b|) investigated the [O ill] A5007 neb- 
ular emission line as a quantitative SFR diagnostic and 
concluded that the large dispersion in the [O ill] /Ha ra- 
tio among star-forming galaxies precluded its suitability 
for lookback studies. Nevertheless, the observed [O ill] 
luminosity, L{[0 iii])obs, has been used in the litera - 
ture to estimate a crude SFR fe.g.. iTeolitz et al1l200dO . 
Therefore, we use our integrated and SDSS spectra of 
star-forming galaxies to assess the systematic uncertain- 
ties in [O III -based SFRs. 

In FigurelTSIwe plot the L{[0 iii])obs/'0(Ha) ratio ver- 
sus L{B) for the integrated sample and the SDSS sam- 
ple. The median (mean) L{[0 iii\)^^^/ip(lia) ratio in 
the integrated sample is —0.65 dex (— 0.68 d= 0.58 dex), or 
—0.95 dex (— 0.94±0.52 dex) if we only consider the most 
luminous galaxies in our sample {Mb ^ —18.3 mag). In 
the SDSS the median (mean) ratio is lower, —1.21 dex 
(—1.16 ± 0.42 dex), which is consistent with the higher 
average metallicity of the SDSS galaxies. Variations in 
excitation and chemical abundance dominate over red- 
dening as physical sources of scatter in the observed 
L{[0 iii])Q|3g/V'(Ha) ratio. For example, correcting [O ill] 
for reddening reduces the SFR uncertainty by < 15%. 
With no additional corrections, therefore, converting the 
observed [O ill] luminosity into a SFR is subject to a 
factor of 3 — 4 uncertainty (Icr), considerably worse than 
H/3 [O ii] or even the C/-band hmrinosity 

(MM- 

3.6. U-Band Star- Formation Rates 

In the preceding analysis we have focused exclusively 
on empirically calibrating nebular emission lines as quan- 
titative SFR diagnostics. Here, we consider the t/-band 
luminosity (Acff — 3600 A) as a SFR indicator. Our 



objective is to provide a fiducial for evaluating the ef- 
ficiency of spectroscopy as a means of deriving galaxy 
SFRs. Observationally, the ?7-band continuum is acces- 
sible to ground-based spectroscopy at similar redshifts 
as [O ii] A3727 (Fig. The primary advantage of 

the U-hand over the more commonly use d far-UV lu- 
minosity (AA1250 - 2500 A; lKennicuttilT99^ as a SFR 
tracer is that it suffers less dust attenuation. How- 
ever, the ?7-band luminosity also depends on the re- 
cent star-formation history of the galaxy, and its sen- 
sitivity as a SFR indicator may be compr omised by 
evolv ed (> 100 Myr) stellar popula tions ijKennicutd 
ri99SllCra,m etTIIITgM llT^ins et ^}.\\20m. 

In Figure we plot the C/-band-to-Ha luminosity 
ratio, L([/)/L(Ha), versus D„(4000), the amplitude of 
the 4000- A break l|Balogh et al.lll999t iKauffmann et alJ 
|2003b) for the integrated spectroscopic sample. The 
4000-A break characterizes the luminosity-weighted age 
of the stellar population, is relatively insensitive to dust 
reddening, and d epends weakly on stellar metallicity onl y 
at ages > 1 Gyr l)Bruzuall983t IKauffmann et al.l200'3b(l . 
Here, we utilize D„(4000) to characterize the effect of 
intermediate-age and older stellar populations on t/-band 
SFRs. To ensure that L{U) and L(Ha) originate from 
the same physical region, we synthesize th e t/-barid mag- 
nitude directly from our spe ctra using the[Bessel]l l|199(1f) 
?7-band filter curve and the iLeieune et al.l lll997l) theo- 
retical spectrum of Vega tied to the lHavesI l)1985D Vega 
zero-point. Due to the blue wavelength cutoff of the in- 
tegrated spectra 3600 A), we use the best-fitting stel- 
lar continuum fi )2.1|l to extrapolate the data blueward 
to - 3000 A. The error in this extrapolation is signif- 
icantly smaller than physical sources of scatter in the 
L{U) / L{lla) ratio. We adopt a fixed 15% uncertainty in 
our synthesized t/-band magnitudes. Finally, we correct 
D„(4GGG) for nebular emission- line contamination from 
[O ii] A3727, [Ne iii] A3869, and the high-order Balmer 
lines, but not the U-hand magnitudes. 

Figure [Hb plots the observed L{U)/L(Ha) luminos- 
ity ratio for our integrated sample. We find that 
[L(C/)/L(Ha)]obs increases systematically by a factor 
of - 2 between D„(4000) = 1.1 and 1.5. We inter- 
pret the observed trend as a sequence in star-formation 
history, from continuous star formation at low values 
of L{U)/L{lla) and D„(4000), to an increasing frac- 
tion of old-to-young stellar populations at large val- 
ues of L{U)/L(Ra) and D„(4GGG). At fixed D„(4GGG), 
the typical scatter in [L(f/)/i(Ha)]obs is 0.18 dex, 
which we attribute to differential reddening. In ad- 
dition, observations suggest that the stellar contin- 
uum experiences a fraction of the du st attenuation 
suffere d by star-forming regio r is (1X4X05: iCalzetti et alJ 
[T99I iKennicutt et al.'TT99l 'Mavva & Prabhu' '1993 
l^lzettil 119971 ICharlot & Fall 2GGG;_F^oggianti & 
'2OGG; Poggianti et al. 2GG1; Stasih ska fc Sodrel l200lF 
iZaritskv et ah. .2002) . Therefore, variations in this frac- 
tion among the galaxies in our sample contributes addi- 
tional scatter to the observed L(f/)/L(Ha) ratio. Finally, 
we note that the median (mean) [L(t/)/i(Ha)]obs ratio 
for the integrated sample is 1.99 dex (1.98 ± 0.24 dex). 

In Figure 114b we plot the L(t/)obs/V'(Hck) ratio ver- 
sus D„(4000). Converting Ha to an extinction-corrected 
SFR flattens the observed trend with D„(4GGG) and in- 
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creases the typical dispersion to 0.33 dex. A Spearman 
rank test yields a correlation coefficient of 0.09 for these 
data. The probability of obtaining this correlation by 
chance is 6%, indicating that variations in star-formation 
history among the galaxies in our sample contribute sys- 
tematically to the scatter in L([/)obs/'0(Ha), particularly 
for i:)„(4000) > 1.4. However, at fixed D„(4000), the 
typical scatter is 0.31 dex, which accounts for nearly all 
of the measured dispersion in L(C7)obs/V'(Ha). We con- 
clude, therefore, that differences in reddening among the 
galaxies in our sample dominate the factor of 2.1 un- 
certainty in converting the observed ?7-band luminosity 
into a SFR. 

Next, in FigurelTSlwe plot the L{U) / L(Ha) luminosity 
ratio as a function of D„(4000) for the SDSS sample. As 
before, we correct D„(4000) for emission-line contami- 
nation, but not the ?7-band magnitude. We estimate 
the [/-band magnitude (on the Vega system) from the 
SDSS UAB-band fiber magnitude ijAbazaiian et al.lf2004D 
and (u — g)AB color according to the following relation 
(M. R. Blanton et al. 2006, in preparation): 

f/Vega = UAB " 0.0140 {u - g) KB " 0.841, (10) 

where the SDSS magnitudes have been corrected for fore- 
ground Galactic extinction and k-corrected to z = as 
in i)2.2l In this equation the standard deviation of the 
color term is 0.25 mag, which we add in quadrature to 
the formal photometric uncertainties. 

Using our SDSS sample we confirm in Figure 1151 the 
general trends in L([/)/L(Ha) versus D„(4000) seen in 
the integrated galaxy sample. Figure [T5b demonstrates 
that variations in dust reddening effectively scramble 
the observed correlation between [L([/)/L(Ha)]obs and 
D„(4000) (Fig. Ell), except at large values of D„(4000) 
where an increasing contribution from evolved stellar 
populations begins to dominate the scatter arising from 
reddening variations. Neglecting this effect, however, we 
find that the conversion from L(t7)obs to a SFR in the 
SDSS sample is approximately constant, and susceptible 
to an uncertainty of ~ 0.3 dex, or a factor of ~ 2, com- 
parable to the SFR uncertainty based on the integrated 
sample. 

4. RESULTS 

4.1. Empirical Star- Formation Rate Calibrations 

In the preceeding analysis we have compared the 
H/? A4861, [O II] A3727, [O iii] A5007, and [/-band lu- 
minosities against the extinction-corrected Ha luminos- 
ity to evaluate their suitability as quantitative SFR di- 
agnostics. We find that dust reddening affects all four 
diagnostics at some level; it is the dominant source of 
uncertainty for H/3 (corrected for stellar absorption) and 
the [/-band. We find that variations in reddening, oxygen 
abundance, and ionization parameter generate significant 
scatter in [O ii] as a SFR indicator, although reddening 
is the dominant effect, at least in the integrated sample. 
Finally, we find that SFRs based on the [O ill] A5007 line 
are susceptible to uncertainties that are factors of 2 — 4 
higher than any of the other diagnostics considered due 
to the extreme sensitivity of the [O ill] A5007/Ha ra- 
tio on oxygen abundance and excitation. Consequently 
we do not discuss [O ill] A5007 as a quantitative SFR 
indicator any further. 



In our analysis we have relied on two highly comple- 
mentary samples: an integrated spectroscopic sample of 
412 galaxies, and 120, 846 galaxies drawn from the SDSS. 
The integrated sample covers the broadest possible range 
of galaxy luminosity, metallicity, and dust extinction to 
provide the greatest lever-arm on systematic trends in 
SFR indicators with these properties. The SDSS galaxies 
provide a near-complete magnitude-limited sample which 
is ideal for evaluating the intrinsic dispersion in SFR in- 
dicators as a function of galaxy properties. Figures 171151 
show qualitative agreement between the two samples in 
the systematic trends in SFR diagnostics with luminos- 
ity, extinction, and metallicity. However a quantitative 
comparison reveals differences consistent with the spatial 
undersampling of the SDSS galaxies. As highlighted in 
ti2.2l the SDSS fiber-spectra sample the central regions of 
galaxies (~ 25% of the total light) which are dustier and 
more metal rich. The effects of aperture bias are most 
pronounced on the [O ii] SFR calibration because of its 
sensitivity to both metallicity and dust. For galax- 
ies the L{[0 ii])obs/^(Ha) ratio is ~ 2 times lower in the 
SDSS than in our spatially integrated spectra. The net 
effect is that calibrations derived from the SDSS and ap- 
plied to spatially unresolved spectra of distant galaxies 
could be in error by a factor of two. Consequently, we 
elect to use only the integrated sample to develop quan- 
titative SFR calibrations for high-rcdshift applications. 

To first order. Figures [7]p, Et, and [Hfc provide the 
median Lobs/^ conversion factor needed to transform, 
respectively, the observed H/3, [O ii], and [/-band lu- 
minosity into an estimate of the SFR. The scatter in 
the observed ratios is 70 — 150%. We have demon- 
strated that each of these conversions depends on some 
combination of metallicity, dust attenuation, and recent 
star-formation history. To create precision SFR calibra- 
tions, it is desirable to account directly for this depen- 
dence on physical properties. However, from a practical 
standpoint, measuring these properties for high-redshift 
galaxies is very difficult. To circumvent this short- 
coming as much as possible, we choose to parameterize 
our SFR calibrations as a function of i?-band luminos- 
ity, L{B). Mounting evidence shows that many galaxy 
attributes, including metallicity, dust attenuation, and 
star form a.tion history, correlate strongly with stellar 
mass fc.g.. 'Tremonti et al.l200llKauffmann et alJ2003d 
l&'inchmann ct al. 2004). Blue luminosity is an imperfect 
surrogate for stellar mass, because star-forming galax- 
ies can exhibit a wid e range of mass-to-light ratios (e.g., 
IBell fc de ,Tongll20?)l . However, L{B) is a direct observ- 
able which is available for our local sample and virtu- 
ally all intermediate- and high-redshift samples. In Fig- 
ure 1161 we plot the observed correlations between lumi- 
nosity, dust extinction, and metallicity using the inte- 
grated sample, and in we discuss how evolutionary 
changes in these underlying correlations might impact 
our locally derived empirical SFR calibrations. 

Finally, we consider two other effects on our empiri- 
cal SFR calibrations. At intermediate redshift, the com- 
plete set of emission-line diagnostic diagrams used in t|2.1l 
to remove type 2 AGN from our sample generally are 
unavailable. Therefore, since AGN are likely to con- 
taminate optical/UV selected samples of distant star- 
forming galaxies, we consider their distribution and ef- 
fect on each SFR diagnostic. Furthermore, observations 
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show that the characteristic infrared luminosity of star- 
forming galaxies increases as a function of redshift (e.g., 
[Flores et all 1199a iCharv fc ElbadbOOH iHammer etall 
1^05; Bell et al.l2005D . Consequently, we divide our sam- 
ple into three broad categories based on infrared lumi- 
nosity: L(IR) > 10" Lq; L(IR) < 10" Lg; and galax- 
i es u ndetected at either 60 or 100 /zm with IRAS (see 
M3.2I) . The set of objects without IRAS detections are ei- 
ther bona- fide dust-poor galaxies below IRAS's sensitiv- 
ity limits, or individual galaxies in an interacting system 
that are unresolved by the IRAS beam (5' x 2' at 60 /im). 

4.2. HP A4861 

Figure El and ^13.31 demonstrate the importance of ac- 
counting for stellar absorption underlying the H/3 nebu- 
lar emission line. Therefore, in the following section we 
assume that H/3 has been suitably absorption-corrected, 
either statistically or using popula tion synthesis model - 
ing of the stellar c ontin uum (e.g.. iSavaglio et ani2005j) . 
Furthermore, as in i)3.3l we only consider objects having 
EW(H/3) > 5 A in emission to ensure a well-measured 
H/3 line-flux. 

In FigurelTTIwe plot the ip / L{H(3)ohs ratio versus L{B), 
using various symbols to characterize the infrared lumi- 
nosity of each galaxy, and the relative positions of AGN 
and star- forming galaxies. The large open circles with 
error bars give the median, 25%, and 75% quartile of the 
V'/i(H/3)obs ratio in 0.5 dex bins of luminosity. Includ- 
ing or excluding AGN has no significant effect on these 
statistics. In Table ^ we list these quartiles, and the 
mean, median, and standard deviation of the distribu- 
tion in each luminosity bin. We recommend interpolating 
between bins of L{B) to obtain the relevant conversion 
factor from L(H/3)obs to -0. Minus a constant offset, Fig- 
ure El is equivalent to Figure ITCl (left) since we use the 
observed Ha/H/3 ratio to estimate the nebular reddening 
(see ii3.1|) . However, because we are interested in SFRs 
rather than reddening values, to generate this figure we 
correct Ha for extinction, convert it into a SFR using 
equation and divide by L(H/3)obs to obtain the con- 
version factor from L(H/3)obs to -0 as a function of L{B). 

We find that the logarithmic ■0/L(H/3)obs ratio in- 
creases non-linearly with increasing luminosity, and that 
the distribution of 0/L(H/3)obs at fixed luminosity is 
highly asymmetric, particularly above ~ 3 x 10^ L{B)q. 
This behavior reflects the average increase in the dust 
content of galaxies of increasing luminosity/mass, and 
the large v ariation in dust extinction at fixed lumi - 
nosity (e.g.. iBuat fc Xulll996t IWang fc Heckmanlll996|) . 
Infrared-luminous galaxies constitute a large fraction 
of the most significant outliers, deviating by factors of 
1.5 — 3 from the median relation. Finally, the AGN in 
our sample tend to be optically luminous, and therefore 
also exhibit a large variation in ?/'/L(H/3)obs, although 
to first order these AGN exhibit a similar distribution in 
0/ij(H/3)obs as our star-forming sample. However, since 
an unknown fraction of the Balmer emission in these ob- 
jects arises from the nucleus, applying the median SFR 
conversion factor listed in Tabled to a sample of AGN 
may lead to spurious results. 

In Figure ITHl we compare 0(H/3) estimated using two 
different methods against 0(Ha). In panel (a) we cor- 
rect i(H/3)obs for extinction using the measured H/3/H7 
ratio, and we apply equation Q assuming _L(H/3) = 



L(Hq;)/2.86. As in ii3.1l we restrict the sample plotted in 
Figure CHh to objects having EW(H/3) > 10 A m emis- 
sion and S/N(H7) > 7. We find that tp(lip) computed in 
this way over-estimates the true SFR by a median (mean) 
amount 0.12 dex (0.16 dex). The scatter is 0.26 dex, or 
±80%. As shown in Figure jS] and discussed in ii3.1l the 
measured H/3/H7 ratio in our integrated sample over- 
estimates systematically the reddening measured from 
Hq;/H/3, which leads to the observed systematic in Fig- 
ure ^Ja. In Figure ITSt ) we compare '0(H/3) derived using 
Tablen](see also Fig. I17|) against tp{lla). We find a me- 
dian (mean) residual of —0.00 dex (—0.03 ± 0.15 dex). 
Our empirical calibration, therefore, yields SFRs based 
on L(H/3)obs with a precision of ±40% (Icr), although in- 
dividual star-forming galaxies deviate from the median 
relation by up to a factor of ~ 4. In ^jSlwe test whether 
these results apply at intermediate redshift. 

4.3. [0 II] X3727 

In t l3.4l we show that converting L([0 ii])obs into a SFR 
is subject to considerable uncertainty. The total range in 
■ip/L{[0 ii])obs spans more than a factor of ^ 50 with a 
scatter of a factor of ~ 2.5. We have shown that this scat- 
ter arises from variations in dust reddening, metallicity, 
and ionization among star- forming galaxies. Here we at- 
tempt to account for these systematic effects by deriving 
an [O 11] SFR calibration that uses L{B) as the indepen- 
dent variable. The observed correlations between L{B), 
attenuation, and metallicity (Fig. I16|l motivate our em- 
pirical [O 11] SFR calibration. In i|Slwe discuss how evo- 
lutionary changes in the luminosity-dust and luminosity- 
metallicity correlations at intermediate redshift may af- 
fect our results. 

In Figure [T^ we plot the ■i/'/L([0 ii])obs ratio versus 
L{B) for the AGN and star-forming galaxies in our sam- 
ple. The large open circles with error bars indicate the 
median ^/L{[0 ii])obs ratio in 0.5 dex wide luminosity 
bins and the 25% and 75% quartiles. In Table |2| we give 
these statistics, as well as the mean and standard devia- 
tion of the data in each bin for the star-forming galaxies. 
Given a i3-band luminosity and an observed [O 11] lu- 
minosity we recommend interpolating the column which 
gives the median conversion factor to estimate the SFR. 
Below ~ 10^ L{B)q [Mb > —17 mag), where redden- 
ing effects are negligible, the metallicity distribution of 
these objects determines the median il]/L{[0 ii])obs ra- 
tio, as we discuss in t|3.4.2l With increasing luminos- 
ity, the '4}/L{[0 ii])obs ratio increases monotonically be- 
cause of the combined effects of extinction of metallicity. 
However, as Figure E] {left) demonstrates, metallicity 
effects only become important above solar metallicity, 
12 + log (0/H) ~ 8.7 dex. Therefore, variations in dust 
reddening primarily drive this trend in luminosity. Most 
of the AGN in our sample overlap the sequence traced by 
star- forming galaxies, although several infrared-luminous 
AGN deviate by factors of 5 — 15 from the median rela- 
tion. 

In Figure 1201 we derive il^{[0 11]) using four different 
techniques and compare the results against ■0(Hq;). For 
this comparison we ensure that the Salpeter IMF de- 
fined in ti3.2l is used throughout. In Figure jSO^we com- 
pare 0(Hq;) against the widely used yKennicu tt| (|1993) 
[O 11] SFR calibra tion, which is an averag e of t he calibra- 
tions pubhshed bv lGallagher et all l)1989j) and lKennicuttI 
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l)1992b(l . We find that the iKennicut^ l)1998j) caUbration 
understimates ip{[0 ll]) by a median (mean) —0.13 dex 
(-0.20 dex), and that the scatter in ipi[0 ii])/ip(Ra) is 
0.39 dex, or a factor of ~ 2.5. The residu al dependence 
on ip{lla) occurs becaiise fKennicuti] lll998D adop t a mean 
[O ii]/Ha ratio measured from the iKennicuttI l)1992bf) 
sample, and a constant j4(Ha) — 1 mag to derive their 
V'([0 ii]) calibration. Our analysis has shown, however, 
that these are poor approximations given the wide vari- 
ation in extinction properties among star-forming galax- 
ies. 

Next we attempt to correct L{[0 ii])obs for dust ex- 
tinction using the H/3/H7 decrement. This panel only 
includes galaxies satisfying EW(H/3) > 10 A in emis- 
sion and S/N(H7) > 7 (see I3.1|l . To obtain an esti- 
mate of ?A([0 11]), we assume a fixed intrinsic flux ratio 
[O 11] /Ha — 1, and apply equation Figure EUfc com- 
pares ■0([O 11]) derived this way against ijj{lla). We find 
that ip{[0 11]) over-estimates ip{lla) by a median (mean) 
0.12 dex (0.19 dex), with a scatter of 0.41 dex, or a factor 
of 2.5. The systematic offset is a direct consequence of 
the fact that for our sample the H/3/H7 ratio tends to 
over-estimate the reddening derived using Ha/H/3. To 
remove the systematic we would have to adopt an intrin- 
sic [O ii]/Ha ratio of 1.3, which is a poor assumption, on 
average (e.g.. Fig. El 'e/t). 

In Figure EOt we estimate ^([O i ij) usi ng the method- 
ology developed bv iKewlev et alJ l)2004j) . and plot the 
results against ^/'(Ha). For this comparison we follow 
the recommended, six-step method outlined in §6.1 of 
their paper. First, we derive the reddening-corrected 
[O 11] luminosity using their equation (18), and ap- 
ply their equation (16) to estimate F,{B — V). Next, 
we compute the reddening-corrected R23 ratio and ap- 
ply it to their equation (11) to determine the oxygen 
abundanc e, 12 + log (Q/H}. iKewlev et al., ( 2QQ^ recom- 
mend the iZaritskv et alJ l|1994fl R.o-i abimdance calibra- 
tion. Finally, armed with an estimate of the metallic- 
ity for each galaxy, we apply their equation (10) to ob- 
tain the reddening- and abundance-corrected ipilO 11]). 
The results of our comparison do not change if we in- 
stead utilize their theoretical ip{[0 11]) calibration [their 
equation (15)]. We find a median (mean) residual of 
0.10 dex (0.08 dex) and a scatter of 0.33 dex between 
their ^'([O 11]) and ?/'(Ha). This technique removes much 
of the systematic dependence on ?/'(Hq!) seen in panel (a) 
because they use a luminosity-dependent extinction cor- 
rection. However, as these authors emphasize, the appli- 
cability of this empirical reddening correlation has not 
been tested on high-redshift samples. Finally, we note 
that their methodology relies on measuring at least three 
nebular emission lines, [O 11], [O ill], and H/3. In this 
case, we recommend using H/3 to estimate the SFR since 
it provides a more reliable measurement of the SFR than 
[O 11] (see S3- 

Finally, Figure EOl i compares V'(Hck) against our empir- 
ical calibration of ip{[0 n]) using the median conversion 
factors in Table [3 (see also Fig. 119(1 . We find a median 
(mean) residual systematic of 0.02 dex (—0.02 dex) and 
a scatter of 0.28 dex, or ±90%. Although this method 
for deriving ipilO 11]) should be applied carefully to in- 
dividual galaxies, which deviate by up to a factor ~ 10 
from the mean relation, our calibration should be useful 



for computing the statistical star formation properties of 
sufficiently large galaxy samples. 

4.4. U-band 

In >i3.6l we studied the relative effects of dust redden- 
ing and the presence of evolved stellar populations on the 
[/-band luminosity as a quantitative SFR indicator. We 
found that reddening variations dominate the system- 
atic uncertainty in L(U)obs as a SFR indicator across a 
wide range of star-formation histories and luminosity- 
weighted ages, as characterized by the 4000-A break. 
From the median and standard deviation of the data in 
Figure 114b we derive the following U -band SFR calibra- 
tion: 

^-((7) = (1.4 ± 1.1) X 10-43 Xoyr-i. (11) 

erg s~^ 

This calibration is difficult to compare with previous 
results because for the first time it has been derived 
empirically using the extinction-corrected Ha luminos- 
ity. Equation Hll|l implicitly includes the effects of dust 
attenuation so that it can be applied to high-redshift 
sampl es without spectroscopic information. Cram et aQ 
(|1998(1 derive an approximate [/-band SFR calibration 
by bootstrapping the far-UV (2500 A) calibration from 
iCowie et all ((19911) to ~ 3600 A neglecting dust redden- 
ing and assuming extended, continuous star formation. 
This extrapolation is subject to considerable uncertainty 
given the potentially large variation in star-formation 
histories among galaxi es, and the significant effects of 
dust reddening. Hopkin s' et alJ (|2003) present an empir- 
ical u-band SFR calibration for the SDSS, roughly cor- 
rected for aperture bias, using the ra dio (1.4 G Hz) lu- 
minosity as their fiducial SFR tracer l(Belli[2003|) . How- 
ever, this calibration also requires u-band luminosities 
that have been corrected for dust attenuation. 

Although we experimented with a second-order U- 
band SFR calibration parameterized in terms of L{B), 
we conclude that the significant scatter in tp/L{U)ohs 
does not justify such a calibration. However, for high- 
redshift surveys that target the bright end of the opti- 
cal luminosity function, we provide the median transfor- 
mation from L([/)obs to SFR for galaxies brighter than 
- 3 X 10^ ^(-8)0 [Mb < -18.3 mag): 

^P{U) ^ (1.8 ±1.0) X 10-^^ H^Us _v(oyr-i. (12) 

erg s ^ 

5. APPLICATIONS AT INTERMEDIATE REDSHIFT 

In this paper we have developed a set of empirical SFR 
calibrations for the H/3 and [O 11] nebular emission lines, 
and for the [/-band luminosity. However, these cali- 
brations are built on empirical correlations obeyed by 
star- forming galaxies in the local universe (e.g., Fig. 116(1 
that must be tested at intermediate and high redshift. 
For example, the luminosity-metallicity correlation has 
been shown to evolve in a mass-dependent w a,Y by z ^ 1 
(J. Moustakas et al., 20 6, in preparation; 'Lilly et alj 
2003; Kobulni ck^et all 12 003: Kobulnicky & Kewlgp 
|2004; Liang et al. 2004a; Maicr et al. (2004 I2OO5F 
ISavaglio et al. 2005 : Shapley et al. 2005) . Therefore, it 
is crucial to quantify how evolutionary changes in galaxy 
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properties as a function of redshift might affect our lo- 
cally derived SFR calibrations. 

Testing our local calibrations requires a complete set of 
optical emission-line measurements, including Ha, H/3, 
[O III], and [O ii], of a statistically significant sam- 
ple of intermediate-redshfit galaxies spanning a broad 
range of luminosity or stellar mass. In practice, ob- 
taining all these nebular diagnostics for individual high- 
redshift galaxies is extremely challenging. Nevertheless, 
several intermediate-redshift samples recently have be- 
come available that facilitate some simple comparisons. 
Where necessary, we convert absolute magnitudes to our 
adopted cosmology and onto the Vega system assuming 
Bab - -Bvega = -0.09 mag (M. R. Blanton et al. 2006, 
in preparation). 

First we assess whether the luminosity-dust correlation 
holds at intermediate redshift by plotting the observed 
Ha/H/? ratio versus L{B) in Figure [2] For this com- 
parison we use different symbols to distinguish starburst 
galaxies from AGN in our local sample. We compile the 
relevant in termediate-redshi ft flux mea s urements from 
iMaier et al . (2005), Shaplcv _et all l|2005fl . lSavaglio et all 
l)2005() . alid iLiang et al.» (|2004aj^ for star-forming galaxies 
at a median redsh ift .7, 1.4, 0.9, and 0.7, respectively. 
IMaier et all l)2005|) and lShaplev et all l)2005|) measure Ha 
and H/3 in their respective inter mediate-red shift samples, 
while lSavaglio et alJ 1)20051) and lLiang et a l. (2004a) only 
measure H/3 and H7. Therefore, to include the data from 
the latter two samples in this comparison, we use the ob- 
served H/9/H7 ratio to predict the reddened Ha/H/3 ratio 
assuming case B recombination and the O'Donnell ( 1994) 
extinction curve. The solid line in Figure l^ indicates the 
intrinsic Ha/H/3 ratio. The Ha/H/3 ratio of every object 
below this line is unphysical, either due to measurement 
error or uncertainties in the stellar absorption correction. 
Stellar absorption corrections to the Balmer lines of the 
intermediate-redshift galaxies have been applied either 
statistically, or are negligible due to large emission-line 
equivalent widths. 

Overall, we find qualitative agreement between the lo- 
cal and the intermediate-redshift luminosity-dust rela- 
tion. As expected, most of the intermediate-redshift 
galaxies overlap the bright end of the local relation, 
where galaxies experience th e highest dus t atten uation, 
on average. Several of the IMaier et al .l (120051) galax- 
ies and two of the objects from Shapl ev et al.l (|2005fl 
have Ha/H/3 ratios that are consistent with zero redden- 
ing. W e find, however, that nearly half the iLiang et al.l 
()2004a(l sample and several galaxies from the other sam- 
ples have log (Ha/H/?)obs ^ 0.8 dex. The amount of red- 
dening implied by this Balmer decrement, E[B — V) > 
0.8 mag, assuming the optical Milky Way extinction 
curve applies at intermediate redshift, is larger than 
any value measured in our local sample of star-forming 
galaxies. We postulate three possibilities to explain the 
position of these galaxies relative to the local sample: 
(1) they are AGN; (2) measurement uncertainties; or 
(3) a substantial fraction of intermediate-redshift star- 
forming galaxies are dustier than the most highly ob- 
scured nearby galaxies in our sample. 

To explore the possibility that these objects host AGN 
we note the position of one highly obscured AGN in 
the MK05 sample, IC 1623 B. The reddening implied 
by this object's Ha/H/3 ratio, E{B — V) ~ 1.5 mag, is 



larger than any of the intermediate-redshift galaxies. Al- 
though we do not have a measurement of IC 1623 B's in- 
frared luminosity, from its highly reddened optical con- 
tinuum (MK05) and large Balmer decrement we infer 
that it must be significant. Therefore, the intermediate- 
redshift galaxies with the largest Ha/H/3 ratios may 
be highly obscured galaxies hosting an AGN. On the 
basis of their [N 11] /Ha ratios and the 'Kewle v et alJ 
(2001b) classific ation scheme (e.g., Fig. Et. all t he ob- 
jects studied by IMaier et alJ ()2005(1 and iShaplev et alJ 

ti05) are star-fo r ming g alaxies. However, adopting the 
uffman n et al.l l)2003aj) empirical boundary we would 
re-classify as an AGN one of the IMaier et alJ ()2005f l 
galaxies with log (Ha/ H/3)oh.s > . 8 dex . An addi- 
tion al 5 galax i es fro m IMaier et al.' f2005!) ^-^id 2 from 
iShaolev et all l|2005l) with log (Ha/H/3)n hs < ( 3.8 dex 
are AGN on the basis of the iKauffmann et al.l ()2003a|) 
classification scheme. Consequently, without additional 
[N 11] /Ha measurements for these samples we cannot ex- 
clude the hypothesis that some of these objects are AGN. 

Alternatively, measurement errors may explain the po- 
sition of at least some of the intermediate-redshift galax- 
ies with Balmer decrements in excess of what we observe 
in our z ^ sampl e. T he Balmer decremen ts of the 
iSavaglio et alJ (j2005j) and ILiang et alJ (|2004a') galaxies, 
in particular, are consistent (within the errors) with hav- 
ing been drawn from the distribution of local galaxies. 
However, all four intermediate-redshift samples have at 
least one galaxy with log (Ha/H/3)obs > 0.8 dex. There- 
fore, we conclude that measurement error cannot explain 
the position of all the intermediate-redshift galaxies on 
this diagram. 

Finally, we consider that intermediate-redshift star- 
forming galaxies may experience more dust obscuration 
than any of the galaxies in our local galaxy sample. For 
example, 75% of the galaxies from Liang et al. ( 2004^ 
have L(1R) > 10^^ L© because they were selected on 
the basis of their 15 ^m flux. We note, however, that 
the MK05 sample includes ~ 100 infrared-selected galax- 
ies and a handful of ultra-luminous infrared galaxies 
(ULIRGs; L(IR) > 10^^ Lq; Sanders & Mirabel 1996). 
Adopting a standard Milky Way extinction curve, the 
Balmer decrements of the most obscured intermediate- 
redshift galaxies imply V'-band optical depths of 2 — 4. 
For comparison, a F-band optical depth of unity cor- 
responds to Ha/H/3 4.1 (O'Donncfl 1994). Different 
dust geometries oth er than the assumed screen model 
('e.g.. iCalzettil l20(Tl^ would underestimate the true ex- 
tinction since the observed nebular emission lines are al- 
ways weighted to ward th e lines-of-sight with the lowest 
obscuration fe.g.. iWitt e t al. 1992; Calzctti et al. 199|; 
IWitt & Gordon "2000^. Finally, f rom a m ulti- wavelength 
analysis of distant galaxies. Flores et al.l |l999) estimate 
that the global extinction at 2; < 1 is in the range 
E[B — V) = 0.15 — 0.3 mag, and that highly obscured 
star- forming galaxies constitute < 1% of galaxies up to 
z = 1. If, however, high-redshift star- forming galaxies 
typically suffer E{B — V) > 0.8 mag of dust redden ing, 
then the empirical 11/3 SFR calibration developed in t|4.2l 
would systematically underestimate the true SFR by a 
factor of 1.5 — 3. In summary, some combination of the 
possibilities outlined above may result in the displace- 
ment of intermediate-redshift galaxies to larger Ha/H/3 
ratios than our local sample. A more detailed compari- 
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son awaits Ha, [N ii], and H/3 measurements for a larger 
number of intermediate- and high-redshift galaxies. 

Next we test the evolution in the observed [O ii]/Ha 
ratio as a function of L{B) between z ~ and 
z ^ 1. In Fig ure [221 we plot meas uremen ts presented 
bvlMaier et all (20051. ' Tresse gt all l|2002() . iHicks et al.l 
1)2002(1 . and iGla zebrook et al (1999) for galaxies at me- 
dian redshifts 0.7, 0.7, 1.1, and 0.8, respectively. For 
the IGlazebrook et al. (1999) sample we obtain L{B) 
frorrr Hammer et al.l 1)19 971. Based on this comparison 
we find that the local [O ii]/Ha-L(i?) relation for star- 
forming galaxies qualitatively holds at intermediate red- 
shift. Nearly all of the intermediate-redshift points over- 
lap with the bright end of the nearby pa.laxy [O ii]/Ha 
sequence. Several of the Maicr ct al. (2005) galaxies 
and one of the objects from Trcssc ct al. (2002) have 
([O ii]/Ha)obs > 1, which is higher than any nearby 
star-forming galaxy at the same luminosity. The posi- 
tion of these galaxies contradicts the expectation that 
they are either highly extincted, or have extremely low 
or high oxygen abundances (Fig. I12|) . However, sev- 
eral AGN in our local sample exhibit similarly enhanced 
[O ii]/Ha ratios, which suggests qualitatively that these 
intermediate-redshift galaxies harbor an active nucleus. 
At the other extreme, we find a handful of objects 
with significantly lower [O ii]/Ha ratios than we ob- 
serve in our local sample. T he most severely di screpant 
points are from t he study bv IHicks et al.l l|2002|) of Ha- 
selected gal a xies lIMcCarthv et al.ll999ll at z = 0.8 — 1.5. 
IHicks et al.l (|2002|) discuss in detail the displacement of 
their galaxies to lower [O ii]/Ha ratios than observed lo- 
cally, and conclude that they must be experiencing up 
to E{B — V) = 0.6 mag more reddening. Alternatively, 
these objects may be metal- rich (Z > Zq) and have ion- 
ization parameters that are an order-of-magnitude higher 
than nearby star-forming galaxies of comparable lumi- 
nosity (e.g., Fig. IT^. If the lo w [O Iij/Ha ratios ex- 
hibited by the IHicks et al.l l|2002)) sample are typical for 
intermediate- and high-redshift galaxies then the empiri- 
cal SFR calibration presented in i)4.3l mav systematically 
underestimate the true SFR by a factor of 3 — 10. 

In Figure 1231 we compare the ionization properties of 
nearby and intermediate-redshift galaxies by plotting the 
observed [O ill]/[0 li] ratio versus L(B). We take the 
observed oxygen emission-line measurements for galax- 
ies at medi a n red sh ifts of 0.7, 0.8 , 0.7, a nd 0.7 from 
iMaier et al .' f2005), 'Savaglio ct aU l|2005D . iLiang et all 
(|2004a|l . and .Lillv et a l. (2003), respectively. We note 
that E{B — V) = 0.3 mag of reddening increases an ob- 
ject's observed [O iii]/[0 ii] ratio by 0.14 dex on this 
plot. To indicate roughly how [O iii]/[0 ii] translates 
into a measure of th e ionization parameter, log U, we 
use the lKewlev et al.l (|2b01a') photoionization models for 
starburst galaxies assuming solar metallicity. We find 
that the ionization properties of the intermediate-redshift 
galaxies are broadly consistent with local star-forming 
galaxies. S everal of the i ntermediate -redshift points from 
ILiang et ah, (,20.04a) and lLillv et aD exhibit higher 

ionization parameters than the typical galaxy in our local 
sample, although both AGN contamination and redden- 
ing may enhance the observed [O iii]/[0 ii] ratio. The 
average ionization parameter of the intermediate-redshift 
galaxies may be slightly higher than locally, although 
at present we do not consider this difference significant 



given the systematic effects of reddening. 

To summarize, we find that the excitation, metal abun- 
dance, and dust attenuation properties of our local sam- 
ple of star-forming galaxies are broadly consistent with 
galaxies at z ~ 1, although individual intermediate- 
redshift galaxies may deviate significantly from the me- 
dian spectral sequences defined locally. A more in-depth 
comparison of the physical properties of high-redshift 
galaxies awaits measurements of the complete set of rest- 
frame optical emission-line diagnostics, from Ha to [O ii], 
for larger samples of distant galaxies. 

6. CONCLUSIONS 

We have used integrated optical spectrophotometry for 
412 star-forming galaxies at z ~ 0, and fiber-aperture 
spectrophotometry for 120, 846 SDSS galaxies at z 0.1, 
to investigate the Ha A6563, H/3 A4861, [O ii] A3727, 
and [O III] A5007 nebular emission lines and the U- 
band luminosity as quantitative SFR indicators. The 
integrated sample enables us to study SFR diagnostics 
across the broadest possible range in optical/infrared 
luminosity, metallicity, dust extinction, and excitation. 
A comparison dataset drawn from the SDSS provides a 
near-complete magnitude-limited sample which is ideal 
for evaluating the intrinsic dispersion in SFR indicators. 

We find that the Ha luminosity, when corrected for 
dust extinction using the Ha/H/3 Balmer decrement and 
the O'Donnell Milky Way extinction curve, reliably mea- 
sures the SFR even in highly obscured infrared galaxies. 
The precisions of the observed H/3, [O ii], and C/-band lu- 
minosities as SFR diagnostics are limited to factors of ^ 
1.7, ~ 2.5, and ~ 2.1, respectively, because of variations 
in dust reddening among star-forming galaxies. Cor- 
recting H/3 for underlying stellar absorption, even sta- 
tistically, improves its precision as a SFR indicator sig- 
nificantly. The reddening-corrected [O ii]/Ha ratio de- 
pends weakly on changes in metallicity over a wide range 
in oxygen abundance, 12 -I- log (0/H) — 8.15 — 8.7 dex 
(Z/Z0 = 0.3 — 1.0). In this metallicity interval we find 
that galaxies occupy a narrow range in ionization pa- 
rameter (—3.8 < log U < —2.9 dex). By contrast, below 
12 + log (0/H) = 8.15 dex and above 12 + log (0/H) = 
8.7 dex, this ratio depends steeply on oxygen abundance. 
We find that the scatter in [O ill] A5007 as a SFR indi- 
cator is a factor of 3 — 4 due to its sensitivity to oxy- 
gen abundance and ionization, considerably worse than 
any of the other empirical diagnostics considered. Fi- 
nally, our analysis reveals that dust reddening dominates 
the systematic uncertainty in the [/-band luminosity as 
a SFR tracer over variations in star-formation history 
among the galaxies in our sample. 

Through a quantitative comparison of optical emission- 
line diagnostics from integrated and fiber-aperture spec- 
trophotometry, we conclude that SFR calibrations de- 
rived from SDSS observations and applied to spatially 
unresolved spectra of distant galaxies are susceptible to 
a factor of ~ 2 systematic uncertainty due to spatial 
undersampling (aperture bias) in the SDSS spectropho- 
tometry. We develop empirical SFR calibrations for H/3 
and [O ii] parameterized in terms of the B-band luminos- 
ity, motivated by the observed correlations between lumi- 
nosity, dust reddening, and oxygen abundance obeyed by 
local galaxies. These calibrations remove the luminosity- 
dependent systematic bias in H/3 and [O ii] SFRs and re- 
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duce the scatter to ±40% and ±90%, respectively. How- 
ever, individual galaxies may deviate by up to a factor 
of ~ 4 and ^ 10 from the median H/3 and [O ii] SFR 
calibrations, respectively. Finally, we compare the rela- 
tions between luminosity and reddening, ionization, and 
[O ii]/Ha ratio for our local, z ~ galaxies to those of 
galaxies observed at z ~ 1 and find broad agreement, al- 
though some intermediate-redshift galaxies may be more 
dust-obscured than any of the star-forming galaxies in 
our local sample. We conclude that optical emission-line 
measurements for larger samples of intermediate- and 
high-redshift galaxies are needed to test the applicabil- 
ity of our locally derived empirical SFR calibrations to 
distant galaxies. 
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Observed Wovelength [fim] 



Fig. 1. — Diagram illustrating the redshifts at which Ho A6563, H/3 A4861, H7 A4340, and [O 11] A3727 are observable from the ground 
in the optical (3500 — 9500 A) and through the JHK near-infrared atmospheric windows. 
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log ([N II] \6584/Ha)obs 

Fig. 2. — Emission-line diagnostic diagram showing the observed ([O III] A5007/H/3)obs flux ratio versus ([N ll] A6584/Ha)obs for the 
MK05 survey (squares), the NFGS (triangles), and individual H II regions (small points). (Each sample has been colored blue, red, and 
purple, respectively, in the electronic edition of the journal). W e class ify objects into star-forming galaxies (filled symbols) and AGN (open 
symbols) using the solid curve defined empirically bv iKauffmann et al.i i2d03afl . For com parison the dashed line shows the theoretical 
division between star-forming galaxies and galaxies with AGN activity obtained bv lKewfev e t al. 1 2 001h) . We plot the average uncertainty 
in the data as a cross in the lower-left part of the diagram. 
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Fig. 3. — Distribution of spectrophotometric properties for the MK05 survey (unshaded histogram) and the NFGS (shaded histogram) 
(shown in blue and red, respectively, in the electronic edition). The dashed histogram shows the distribution for the combined integrated 
galaxy sample, (a) Distribution of _B-band luminosity, L{B), where Mq g = +5.42 mag can be used to convert from L{B) to Mb- (b) 
Distribution of Ha extinction as derived from the Ha/H/9 Balmer decrement and adopting the[^Donncll (1994) Milky Way extin ction 
curve, (c) Distribution of gas-phase oxygen abundance, 12 + log(0/H), determined using the methodology described in t|ij.4.2l (d) 
Dist ribut ion of the observed ([O III] A5007/[O ll] A3727)obs flux ratio, which is indicative of the hardness of the ionizing radiation field. 
See i|2.1l for more details. 
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Fig. 4. — Distribution of spectrophotometric properties for the SDSS and integrated galaxy samples, plotted as solid and dashed 
histograms, respectively. See Figure 1^ and i|2.2l for additional details. 
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Fig. 5. — Comparison of the reddening values derived using the Ha/H/3 and the H/3/H7 Balmer decrements for the MK05 sample (squares 
with error bars), the NFGS (triangles with error bars), and the SDSS (small points without error bars) (plotted in blue, red, and black, 
respectively, in the electronic edition). The solid line indicates equality of the two reddening estimates. We only include galaxies with 
S/N(H7) > 7 and EW(H/3) > 10 A in emission. The cross shows the median error of the SDSS data. 
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Fig. 6. — Logarithmic ratio of the Ha and infrared SFRs, i/i(Ha)/i/>(IR), versus the B-band luminosity, L{B) using (a) the observed Ho 
luminosity and (b) the extinction-correeted Ha luminosity. The solid line indicates equality of the two SFR indicators. The symbols are 
defined in Figure|2] The cross in the lower-right of each panel indicates the average measurement uncertainty in the data, and the legend 
gives the median logarithmic ratio and, in parenthesis, the mean and standard deviation. The inset in panel (b) shows the distribution of 
51/(60 /im)/5^(100 fira) flux ratios for the MK05 and NFGS samples as unshaded and shaded histograms, respectively (shown in blue and 
red, respectively, in the electronic edition). 
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Fig. 7. — Variation in the H/3/H« ratio versus the B-band luminosity, L{B), for all galaxies in the integrated sample having EW( H/3) > 5 A 
in emission. The dashed line in panels (a) and (6) indicates the intrinsic Balmer decrement, log (H/3/Ha)iiit — —0.46 dex (see i|3.1i . The 
symbols are defined in Figure |^ The cross in the lower-right of each panel indicates the average measurement uncertainty in the data, and 
the legend gives the median logarithmic ratio and, in parenthesis, the mean and standard deviation, (a) Observed H/3/H« ratio without 
an H/3 stellar absorption correction. (6) Identical to panel (a) except that H/3 is now corrected for underlying stellar absorption, (c) Ratio 
of the observed H/3 luminosity, L(H/3)obs, to the Ha star-formation rate, i/i(Ha), in units of 10~^^ Mq yr~^/(erg s"-"^). 
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Fig. 8. — Same as Figure|7]but for the SDSS sample. 
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Fig. 9. — Dependence of the [O Il]/Ha ratio on the B-band luminosity, L{B), in the integrated sample. The points have been coded as 
m Figure 13 The cross in the lower-right of each panel indicates the average measurement uncertainty in the data, and the legend gives 
the median logarithmic ratio and, in parenthesis, the mean and standard deviation, (a) Observed [O Il]/Ha ratio uncorrected for dust 
reddening. (6) Reddening-corrected [O n]/Ha ratio, (c) Ratio of the observed [O ll] luminosity, L{[0 n])obsi to the Ha star-formation 
rate, i/i(Ha), in units of lO"*'^ A^0 yr~^/(erg s~^). 
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Fig. 10. — Same as Figurc|5]but for the SDSS sample. 
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Fig. 11. — Correlation between the observed [O n]-to-H« ratio and the nebular reddening, i?(H/3-Ho), for the integrated sample (left) 
and the SDSS (right). Refer to Figure |21 for the meaning of the symbols. The cross in the lower-right part of each panel indicates the 
average measurement uncertainty in the data. We plot the O'Donnell 11994) Galactic extinction curve and the Chariot & Fall 12000) dust 
attenuation law as solid and dashed lines, respectively, in both panels. In the left panel we set the normalization of the reddening curves 
to log ([O n]/HQ)oba = 0.00 dex, and to log ([O n]/HQ:)oi3s = —0.16 dex in the right panel. 
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Fig. 12. — Reddening-corrected [O nl/Ha ratio versus the nebular oxygen abundance, 12 + log(0/H), for the integrated sample and 
H II regions (left ) , as co ded in Figure|2 and the SDSS sample (right). The curves show the results of detailed photoionization modeling 
bv lKewlev et all (2001aF) for six values of the ionization parameter, —3.8 < log U < —2.0. The vertical dotted lines divide each panel into 
three metaUicity regimes: 12 + log(0/H) < 8.15 dex, 8.15 < 12 + log (O/H) < 8.7 dex, and 12 + log(0/H) > 8.7 dex. The cross in the 
lower-left part of each panel indicates the typical measurement uncertainty, excluding any systematic errors in the adopted abundance 
calibration. 
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Fig. 13. — Ratio of the observed [O in] A5007 luminosity, (L{[0 III] A5007))obsi to the Ha star-formation rate, i/)(H«), versus the _B-band 
luminosity, L{B), for the integrated sample (left) and the SDSS (right). The symbols in the left panel are defined in Figure 13 The cross 
in the lower-left corner indicates the average measurement uncertainty in the data, and the legend gives the median logarithmic ratio and, 
in parenthesis, the mean and standard deviation. 
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Fig. 14. — Logarithmic {/-band to Ha luminosity ratio versus the 4000-A break, D„(4000). Figure 1^ defines the symbols used, and the 
cross in the lower-right indicates the average measurement uncertainty in the data. The legend gives the median logarithmic ratio and, in 
parenthesis, the mean and standard deviation, (a) Observed L{U) / L(Ha) ratio. (6) Ratio of the observed {/-band luminosity, L(U)oba! to 
the Ha star-formation rate, i/)(Ha), in units of 10~*^ A^0 yr~^/(erg s~^). 
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Fig. 15. — Same as Figure [T^ but for the SDSS sample. 




Fig. 16. — Empirical correlations between luminosity and dust extinction (left), and between luminosity and oxygen abundance (right). 
Figure defines the symbols. The cross in the lower-right corner of each figure shows the average measurement uncertainty of the data, 
excluding any systematic error. 
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Fig. 17. — Empirical H/3 A4861 SFR calibration. The symbols indicate the infrared luminosity of each galaxy: circular symbols indicate 
L(IR) > 10^^ Lq; squares indicate L(IR) < 10^^ Lq; and triangles do not have a measured infrared luminosity. (These symbols are colored 
purple, grey, and blue, respectively, in the e lectronic edition.) Open and filled symbols indicate the AGN and star- forming galaxies in each 
category, respectively, as classified in i|2.1l The large open circles give the median ?/'/L(H/3)oi,j5 ratio in 0.5 dex luminosity bins, and the 
lower and upper error bars give the 25% and 75% quartile of the distribution in each bin, respectively. One galaxy, IC 1623 B, an AGN 
without a measured infrared luminosity, does not appear on this plot because it deviates significantly from the rest of the sample. Its blue 
luminosity is ~ 10^" L{B)q and its logarithmic i/'/i(H/3)obs ratio is ~ 2.5 X 10*^ erg s~^/{Mq yr"^)- 
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galaxies and AGN, respectively, as classified in H2.ll (colored light blue and dark blue, respectively, in the electronic edition), (a) ^/'( H/?) 
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Fig. 19. — Empirical [O ll] A3727 SFR calibration. The symbols have been defined in Figure [T71 The large open circles give the median 
^/L{[0 ll])obs ratio in 0.5 dex luminosity bins, and the lower and upper error bars give the 25% and 75% quartile of the distribution in 
each bin, respectively. 
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Fig. 21. — Comparison of the local and intermediate-redshift (z = 0.7 — 1.4) relation between the observed Ha/H/3 ratio and the S-band 
luminosity, L{B). The solid line corresponds to the intrinsic Ho/H/3 Balmer decrement. The error bars in the upper -left part of the figure 
indi cate the median la uncertainty in the data for each sample, as defined in the legend. Note that the data from ISavaglio et alj 120031 
and lLiang et alJ I2004al) have been derived from the H/3/H7 ratio, as described in JS] 
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Fig. 22. — Correlation between the observed [O Il]/Ha ratio and the B-band luminosity, L{B), for our local spectroscopic sample and 
several intermediate-redshift {z = 0.5 — 1.5) galaxy samples. The error bars in the upper-left part of the figure indicate the median la- 
uncertainty in the data for each sample, as defined in the legend. 
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Fig. 23. — Comparison of the local and intermediate-redshift (z = 0.4 — 1.0) relation between the observed [O in] A5007/[O ll] ratio and 
the B-band luminosity, L(B). The error bars in the upper-left part of the figure indicate the median la uncertainty in the data for each 
sample, as defined in the legend. The arrow indicates the effect of 0.3 mag of reddening on an intrinsic [O lll]/[0 ll] ratio of —1.7 dex, 
neglecting any reddening effects on L(B). To estimate the sequence in ionization par ameter, log U ^ from th e [O in]/[0 ll] ratio (right axis), 
we utilize the solar-metallicity, continuous star formation photoionization models bv lKewlev et all 12001al) . 
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TABLE 1 

H/3 A4861 Star-Formation Rate Conversion Factors 
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Note. — The columns labeled P26, Pso, and Pn 
give the 25, 50 (median), and 75 percentile of the 
■!/'/I/(H/3)obs distribution, respectively, in bins of 0.5 dcx 
in luminosity. (R) and aR give the mean and standard- 
deviation of the distribution in each bin. 



TABLE 2 

[O 11] A3727 Star-Formation Rate Conversion Factors 
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-0.140 


-0.074 


0.111 


-0.017 


0.185 


9.25 


-17.68 


-0.046 


0.092 


0.282 


0.136 


0.292 


9.75 


-18.93 


0.056 


0.201 


0.395 


0.261 


0.347 


10.25 


-20.18 


0.297 


0.530 


0.781 


0.545 


0.332 


10.75 


-21.43 


0.517 


0.762 


0.972 


0.749 


0.285 


Note. 


— The 


columns labeled P25, 


P50, and P75 



give the 25, 50 (median), and 75 percentile of the 
log [tp/L{[0 n])^jjg] distribution, respectively, in bins of 
0.5 dex in luminosity. {R} and ffR give the mean and 
standard-deviation of the distribution in each bin. 



